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 論文の和文要旨 
 
聴覚情報は日常生活や身の回りの安全確保に重要であり，更に高齢者における聴
力低下は，コミュニケーションの不在につながり，うつ病や認知症発症の可能性を高
めることが厚生労働省により報告されている． 
中耳は内耳の蝸牛に音刺激による振動を効率よく伝達する役割を持っている．音
刺激による中耳の機械的振動は，蝸牛で電気信号に変換される．蝸牛はリンパ液で満
たされており，蝸牛内の基底板と呼ばれる薄膜には内有毛細胞と外有毛細胞と呼ば
れる感覚細胞（有毛細胞）が存在する．有毛細胞の聴毛は基底板の振動により変位
し，それにより細胞とリンパ液間でイオン流動が生じ，外有毛細胞は能動的に伸縮運
動する．この外有毛細胞の発生力は基底板の振動を非線形的に増幅させる．一方，内
有毛細胞は基底板振動を電気信号に変換し，聴神経を介して音を脳に伝達する．この
様な蝸牛内の機械‐電気変換機構は聴覚メカニズムの根幹となるが，外有毛細胞は
生きている場合のみに基底板振動を増幅し，基底板の振動は生死で挙動が異なるた
め，聴覚メカニズムには未だに不明な点が存在する． 
中耳に異常が生じ，伝音効率が低下した場合の多くは，外科的に処置することで聴
力の改善が見込める．しかし，末梢聴覚器の形状や病状には個人差が存在するため，
統一された中耳疾患の診断法や治療法を施すことは困難である．内耳疾患の多くは，
生体内における蝸牛を非侵襲的に直接観察することは難しいため，その発病メカニ
ズムが明らかにされておらず，効果的な治療法が解明されていない．よって，聴覚メ
カニズムの本質を理解した上で，理論的裏付けにより各疾患が聴力に及ぼす影響を
解明する必要がある．  
これまでの先行研究において，ヒト末梢聴覚器をモデル化し，聴覚メカニズムを解
明する試みがなされている．しかし，末梢聴覚器の一部のみをモデル化しているもの
が主であり，生理的条件下における蝸牛の挙動を再現できるモデルはほぼない．中耳
疾患における臨床の知見の理論的裏付けにモデルが活用されている報告がいくつか
あるが，各病状のメカニズムや効果的診断法などに活用されている報告はほぼない．
各種耳疾患の発症メカニズムの解明や効果的診断法の提案には，モデルを用いるこ
とで病変部以外を一定の条件下に固定した検討が有効と考えられる．より生理的な
条件下における末梢聴覚器の挙動を再現できるモデルを用いれば，更に有効と考え
られる．よって，本研究では，外有毛細胞の増幅機構を考慮した，より生理的条件下
に近いヒト末梢聴覚器をモデル化し，理論的に聴覚メカニズムを解明することを目
的とした．さらに，中耳の振動から内耳のイオン流動までを解析可能なモデルを用い
て難治性の耳疾患を再現し，それらの発症メカニズムや効果的診断法の提案も目的
とした．  
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本研究では，ヒトの末梢聴覚器の機械的振動部である中耳および蝸牛の有限要素
モデルを作成した．中耳モデルは鼓膜，耳小骨およびそれらを支える筋腱・靭帯をモ
デル化しており，ヒトの中耳の効率的な伝音機構を再現した．蝸牛モデルは，計算の
複雑化を避けるためにその複雑な形状を単純化し，耳小骨のアブミ骨と直線形状と
した蝸牛をモデル化した．これら末梢聴覚器のモデルは，側頭骨標本を用いた各計測
値と比較することにより妥当性評価を行った．蝸牛モデルには外有毛細胞の非線形
な増幅機構が含まれており，この外有毛細胞の非線形増幅機構は外有毛細胞の非線
形な働きにより生じる音響現象である歪成分耳音響放射の計測結果を基に定式化し
た．定式化した式の妥当性は，歪成分耳音響放射の計測結果と解析結果を比較するこ
とにより評価した．このため，数値解析結果との比較に最適な歪成分耳音響放射の計
測装置を開発した．更に，内有毛細胞の電気生理モデルを作成し，有限要素モデルと
組み合わせることによって，機械-電気変換機構を再現した．正常耳モデル構築後に，
各種耳疾患の疾病状態のモデルを作成し，その発症メカニズムの解明や効果的な診
断法の提案に取り組んだ．耳小骨を支える靭帯や鼓膜の形状とその物性に変化を加
え，代表的な中耳疾病である耳小骨固着および鼓膜の穿孔および変形を再現した．そ
れらの疾病モデルにおける耳小骨の可動性や伝音効率の変化を計算し，有効な中耳
疾患の診断基準を検討した．その結果，耳小骨の可動性を用いた前ツチ骨靭帯の固着
の新たな診断法が提案できた．また，基底板の形状や外有毛細胞の振動増幅機構の導
入範囲に変化を加え，内リンパ水腫や外有毛細胞の機能低下をモデル化した．病状に
よる聴力レベルの低下は，基底板の振動振幅の変化を基に評価した．さらに，各疾患
の発病メカニズムおよび蝸牛の変形と聴力レベルの関係について検討した．その結
果，蝸牛内の中央階の圧力上昇と変動性低周波数域難聴の関係性が示唆された．ま
た，聴力低下に影響を及ぼす外有毛細胞の基底板上の領域が推定できた． 
この論文は，7 章で構成される．第 1 章は，ヒトの末梢聴覚器の構造および機能，
聴覚障害について解説し，これまで行われてきた計測手法や数値解析手法，およびそ
れらから得られた知見を述べる．その上で本研究の目的を述べ，中耳の機械的振動か
ら内耳の蝸牛における機械‐電気変換機構までの聴覚メカニズムの解明，および疾
患治療法への応用を軸とした本論文の構成を示す．第 2 章では，中耳の有限要素モ
デルの構築およびその妥当性評価について述べる．モデルの妥当性の評価法として，
耳小骨可動性計測装置による献体計測や評価パラメータについて解説し，解析結果
と計測結果の比較により，本モデルの妥当性および課題を明確化する．第 3 章では
代表的な中耳疾患である耳小骨固着および鼓膜の穿孔と変形をモデル化し，そのダ
イナミクスの変化と診断法について行った解析について述べる．耳小骨の固着につ
いては，耳小骨の可動性および伝音効率の変化を計算し，既に報告のある実験的手法
による結果と比較することで疾患モデルの妥当性を示した後，計測では検討が困難
な病変の程度と部位の違いによる変化を解析し，有効な中耳疾患の診断基準を検討・
提案している．鼓膜の穿孔および変形については，それらが中耳伝音特性に及ぼす影
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響を推定し，聴力低下に強い影響を及ぼす因子とその周波数域について検討し，鼓膜
再建手術時に配慮すべき事項について，メカニクス的視点から提案を行う． 第 4 章
では，ヒト内耳（蝸牛）の有限要素モデルの構築およびその妥当性評価について述べ
る．モデルの妥当性については，これまでに計測的手法によって得られている振動の
特徴や周波数特異性について比較を行い，本モデルの妥当性および課題を明確化す
る．第 5 章では，生理的条件下における蝸牛内の有毛細胞の働きの定式化について
述べる．外有毛細胞の働きに起因する音響現象である歪成分耳音響放射の計測に基
づいた生理的条件下の外有毛細胞の増幅機構の定式化について述べる．数値解析結
果と比較するため開発した装置について解説し，計測結果との比較による生理的条
件下のモデルの最適化について述べる．更に内有毛細胞の電気生理モデルの構築に
ついて説明する．生理的条件下に近い外有毛細胞の働きを考慮した蝸牛有限要素モ
デルと統合することにより再現した蝸牛内の電気‐機械変換機構について述べる．
そられモデルの妥当性評価について述べる．第 6 章では，代表的な内耳疾患である
内リンパ水腫および外有毛細胞の機能低下をモデル化し，その発症メカニズムにつ
いて行った解析について述べる．病状による聴力レベル低下は，基底板の振動振幅の
変化を基に評価し，各疾患の発病メカニズムおよび蝸牛の変形と聴力レベルの関係
について述べる．内リンパ水腫においては，内リンパ液の圧力上昇による基底板の変
形を再現し，その変形による低周波数域の異常の関係を示している．外有毛細胞の部
分的機能低下は，外有毛細胞の加振力を導入する基底板上の範囲を変えることによ
り再現し，その際の純音入力時の基底板の最大振幅の変化や複合音入力時に基底板
上およびアブミ骨底板上に生じる歪成分の大きさから聴力低下との関係を検討す
る．第 7 章では，結論および今後の展望について述べた． 
 
 
 
v 
 
 
Abstract in English 
 
Aural information is vital for social life. The Japanese Ministry of Health, Labor and Welfare 
reported that hearing loss in elderly people leads to a loss of communication and an increase 
of the incidence of depression and dementia.  
The primary function of the middle ear is to efficiently transmit the vibration in the air 
to the fluid in the cochlea of the inner ear. The mechanical vibration of the tympanic membrane 
caused by sound pressure is transduced to electrical signals at the cochlea. The cochlea is filled 
with the lymph, and the sensory cells (inner hair cells, IHCs and outer hair cells, OHCs) are 
located on the basilar membrane (BM) in the cochlea. The stereocilia of the hair cells are bent 
by the vibration of the BM and the ion flow caused by the opening of the displacement-
sensitive channels. Next, the OHCs non-linearly amplify the vibration of the BM by elongating 
and contracting, and the IHCs transform the vibration into electric signals that are transported 
along the acoustic nerve fibers to the brain. This mechano-electrical transduction (MET) in the 
active cochlea is important for perception of sound. However, the vibration of the cochlea 
under physiological condition is different from that under the condition of death because the 
OHCs amplify the vibration of the BM only in the active cochlea. Thus, the mechanism of the 
active cochlea has not been adequately clarified. 
Middle ear dysfunctions decrease the transmission efficiency and can be treated by 
surgeries. However, applying unified treatment methods and diagnoses in the middle ear 
diseases are difficult to establish because of the individual differences in pathologies and the 
shape of the auditory periphery. The pathologies of the inner ear diseases are difficult to 
measure in-vivo and the pathogenic mechanisms of many of those diseases have not been 
clarified yet. Effective treatment methods for many of those diseases are also not clarified 
theoretically because non-invasive in-vivo observations of those pathologies are difficult. It is 
necessary to clarify the mechanism of each disease theoretically after clarifying the mechanism 
of hearing. Thus, using numerical analysis for clarification of those mechanisms is effective.   
Three-dimensional finite-element models of each part of the human auditory 
periphery have already been developed. However, there are only a few models that include the 
activity in the human cochlea. Those models only represented the vibration of the BM in the 
active cochlea and the effect of the cochlear lymph was not considered. A few of the models 
were used for theoretical support of clinical implications about the dysfunction of the middle 
ear by combining experimental research with the models. However, the models have not been 
used for clinical application. Therefore, clarifications of the hearing mechanism and each of 
pathogenic mechanisms based on a numerical analysis with a model under physiological 
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conditions is considered effective.  
The aim of this thesis is a clarification of the hearing mechanism by constructing 
computational models of the human auditory periphery considering one of the physiological 
conditions, i.e., the amplification mechanism of the OHCs in the active cochlea. The active 
human cochlear model presented in this thesis represents mechano-electrical transduction in 
the cochlea. The model is constructed by formulating a nonlinear amplification of the OHCs 
and ionic current change of the IHCs, which causes neural firing. The generation mechanism 
of distortion-product otoacoustic emissions (DPOAEs), which are considered as acoustical 
phenomena only produced in the active cochlea is investigated by using the model. Not only 
the hearing mechanism but also the pathogenic mechanisms of ear diseases are clarified by 
numerical analysis of computational models of each part of the human auditory periphery. This 
thesis purposes clinical application to refractory ear diseases (e.g., proposal of quantitative 
diagnostic methods) based on the theoretical analysis using the models that represent both the 
mechanically vibrating parts and mechano-electrical transduction in the active cochlea. 
In this study, the human auditory periphery was modeled and the hearing mechanism 
was investigated by numerical analysis. The mechanically vibrating parts of the auditory 
periphery, i.e., the middle ear and the cochlea, were modeled by the finite-element (FE) 
method. The FE-model of the human middle ear is composed of the tympanic membrane and 
the ossicular chain. The model represents good transmission function of the human middle ear 
especially at low frequencies. The FE-model of the human cochlea includes non-linear 
activities of the OHCs formulated based on the measurements of DPOAEs. The non-linear 
activity of the OHCs under physiological condition can be measured non-invasively by 
DPOAEs. A measurement system of DPOAEs optimized for comparison with the results 
obtained from the simulation was developed. Ionic current models of the inner hair cells were 
combined with the cochlear model to represent the mechano-electrical transduction in the 
cochlea. The validity of those models was evaluated by comparing measurement values. The 
conditions of some ear diseases, i.e., ossicular fixation, change of the tympanic membrane, 
endolymph hydrops and partial functional loss of the OHCs, were represented by modifying 
the models. In addition to the pathogenic mechanism, effective diagnosis of each disease was 
also investigated by numerical analysis using the affected models. 
This thesis consists of 7 chapters. Chapter 1 includes an introduction to the research 
background and the purpose of the thesis. Chapter 2 discusses the computational modeling of 
the human middle ear using the FE-method as well as verification of the validity of the model. 
Chapter 3 includes the simulations of middle ear dysfunctions, i.e., ossicular fixation and 
change of the tympanic membrane. Changes of compliances and transmission efficiency 
caused by each dysfunction are calculated. An effective diagnosis method for each disease is 
investigated. Chapter 4 discusses the computational modeling of the human inner ear using 
vii 
 
the FE-method as well as verification of the validity of the passive cochlea model. Chapter 5 
discusses how to formulate the activities of the sensory hair cells in the cochlea. The activity 
of OHCs is formulated based on the measurements of the DPOAEs. Development of the 
DPOAEs measurement system is also included. The ionic current model of IHCs is modeled 
and the MET in the cochlea simulated. Chapter 6 includes the simulations of inner ear 
dysfunction, i.e., endolymph hydrops and partial functional loss of the OHCs. Reduction of 
hearing level was estimated based on the changes of the vibration amplitudes of the BM. The 
pathogenic mechanism of each disease, the relationship between deformation of the cochlea 
and the reduction of hearing level are investigated. Chapter 7 concludes this thesis and briefly 
discusses future research. 
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Chapter 1 
Introduction 
Aural information is vital for a social life. People with untreated hearing loss have more risk of 
dementia and depression than people with normal hearing [1]. The Japanese Ministry of Health, 
Labor and Welfare also reported that hearing loss in elderly people leads to absence of 
communication and an increase in depression and dementia. If abnormalities in the auditory 
system occur, hearing loss results. There are two kinds of hearing loss: Conductive hearing loss 
is caused by dysfunction of the external ear or the middle ear and sensorineural hearing loss is 
caused by dysfunction of the inner ear, the auditory nerve, or the brain. Middle ear dysfunctions 
decrease transmission efficiency, but most of those dysfunctions can be treated by surgery. On 
the other hand, pathogenic mechanisms of many inner ear diseases have not been fully clarified 
yet, and effective treatment methods of some of those diseases are unknown because non-
invasive in-vivo observation of cochlear damage is difficult. For effective cure, it is necessary to 
clarify the pathogenic mechanism of each disease based on a theoretical understanding of hearing 
mechanisms. 
Sound pressure propagates through the external ear canal to the tympanic membrane of 
the middle ear. The vibration of the tympanic membrane is transferred efficiently to the cochlea 
of the inner ear via the ossicular chain. The cochlea is filled with lymph and the ossicles 
mechanically vibrate the lymph. Then, traveling waves are generated on the basilar membrane 
(BM) of the cochlea. The organ of Corti, which is located on the BM, has the sensory cells, i.e., 
the outer hair cells (OHCs) and the inner hair cells (IHCs). The OHCs show somatic motility 
which amplifies the vibration of the BM under physiological conditions. The IHC transform the 
mechanical vibration of the BM into electric signals that are transported along the acoustic nerve 
fibers to the brain.  
Measurements of the human auditory periphery in cadavers to clarify the hearing 
mechanism have been conducted (e.g., measurements of the vibration of the ossicles [2] [3] [4] 
and the BM [5], measurement of the difference of pressure in the cochlea caused by the vibration 
of sound [6], and measurement of eigen frequencies at each part of the BM by the Mossbauer 
technique [7]). The vibration of the BM has been measured in-vivo in guinea pigs [8] [9], 
chinchilla [10] and gerbils [11] [12] [13] [14] [15]. However, the human cochlea has not been 
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measured in-vivo, because the cochlea is easy to damage and the vibration in nanometer order 
caused by sound stimuli is difficult to measure non-invasively. Thus, the mechanism of the active 
cochlea has not been adequately clarified.  
Clarifying the hearing mechanism based on numerical analysis has been conducted. 
There are three-dimensional finite-element models of each part of the human auditory periphery, 
e.g., the middle ear [16] [17], and the cochlea [18] [19]. Gan et al. built a three-dimensional 
finite-element model from the ear canal to the cochlea [20], and Kim et al. built a three-
dimensional finite-element model of the human auditory periphery based on microcomputed 
tomography (µCT) images of a human cadaver temporal bone [21]. Transmission of vibration in 
the auditory periphery was simulated by those models. However, those models did not consider 
the activity of the cochlea. There are some models that include activity in the cochlea of guinea 
pigs [22] [23] and gerbils [24] [25] [26]. There are only a few models that include the activity in 
the human cochlea [27] [28]. However, those human cochlear models only represented the 
vibration of the BM in the active cochlea and the effect of the cochlear lymph was not considered.  
A few studies have investigated the dysfunction of the middle ear, i.e., perforations of 
the tympanic membrane [29] or fixation of the malleal ligaments [30] [31], by combining 
experimental research with existing computational models. Those models were only used for 
theoretical support of clinical implications and not used for clinical applications such as 
development of an effective diagnosis method. A few other studies investigated the effects of 
inserting the electrode of a cochlear implant by using finite-element cochlear models [32] [33]. 
Those models did not consider the activity of the cochlea, because a cochlear implant is generally 
used when the sensory hair cells are damaged. However, the activity of the cochlea should be 
considered to clarify the pathogenic mechanism of inner ear diseases. 
A comprehension of the pathogenic mechanism of refractory ear diseases is necessary 
for not only effective cures but also prophylaxis. The hearing mechanism under both an intact 
ear and physiological conditions should be clarified first on the basis of theoretical study before 
understanding the mechanism of the diseases. For that, clarifications of the hearing mechanism 
and each of pathogenic mechanisms should be based on numerical analysis with a model that 
also considers the physiological condition in the auditory periphery.  
 In this chapter the research background and the purpose of the thesis are introduced. The 
structure and function of the human ear, and the dysfunction of the ear are introduced as the 
research background. 
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1.1 Purpose of the thesis 
A comprehension of the pathogenic mechanism of refractory ear diseases is necessary for not only 
effective cures but also prophylaxis. The pathogenic mechanisms of many of the refractory ear 
diseases have not been clarified due to individual variations in pathologies or conditions of lesions 
and a difficulty in observing lesions non-invasively in-vivo. However, a numerical analysis of the 
computational model representing ear disease is considered effective in investigating the 
pathogenic mechanisms regardless of individual variations. Three-dimensional finite-element 
models of each part of the human auditory periphery have already been developed [16] [17] [18] 
[19] [20] [21]. A few of the models have been used for theoretical support of clinical implications 
about the dysfunction of the middle ear by combining experimental research with the models [29] 
[30] [31]. However, the models have not been used for clinical applications. A few passive cochlear 
models have been used for clinical application such as for an effective way of inserting an electrode 
of a cochlear implant [32] [33]. Those passive models were adequate for investigation of effective 
insertion because an artificial cochlea is generally used when the sensory hair cells are damaged. 
However, the activity of the cochlea should be considered to clarify the pathogenic mechanism of 
most inner ear diseases. There are only a few human cochlear models that include the activity in 
the human cochlea. Those models only represented the vibration of the BM in the active cochlea 
and the effect of the cochlear lymph was not considered [27] [28]. However, numerical analyses 
of ear diseases using an active cochlear model had been barely tried. Therefore, clarification of 
each of the pathogenic mechanisms based on a numerical analysis with a model under 
physiological conditions, e.g., the activity of the cochlea is necessary.  
The hearing mechanism under both an intact ear and physiological conditions should be clarified 
first on the basis of theoretical study before understanding the mechanism of ear diseases. For that, 
the aim of the thesis is a clarification of the hearing mechanism by constructing computational 
models of the human auditory periphery considering one of the physiological conditions, i.e., the 
amplification mechanism of the OHCs in the active cochlea. The active human cochlear model 
presented in this thesis represents mechano-electrical transduction in the cochlea. The model 
isconstructed by formulating a nonlinear amplification of the outer hair cells and ionic current 
change of the inner hair cells, which causes neural firing. One of the unclarified hearing 
mechanisms under the physiological conditions is a generation mechanism of the distortion-
product otoacoutsic emissions (DPOAEs), which are considered as acoustical phenomena only 
produced in the active cochlea. The generation mechanism of DPOAEs is investigated by the 
model. The pathogenic mechanisms of ear diseases are also investigated by numerical analysis of 
the model. For example, a pathogenic mechanism of fluctuating hearing loss occurring by 
endolymphatic hydrops, which is common in inner ear disease, is investigated using the cochlear 
model. An effective diagnosis method for each dysfunction of the ear is also proposed by numerical 
analysis of the model. For example, an effective diagnosis method of ossicular fixation is proposed 
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by using a model of the middle ear. This thesis purposes clinical application to refractory ear 
diseases (e.g. proposal of a quantitative diagnostic method, clarification of the pathogenetic 
mechanism) based on the theoretical analysis using the models that represent both the 
mechanically vibrating parts and mechano-electrical transduction in the active cochlea.  
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1.2 Organization of the thesis 
This thesis consists of 7 chapters. In this chapter the research background and purpose of the thesis 
are introduced. Chapter 2 discusses the computational modeling of the human middle ear using the 
finite-element method and verification of the validity of the model. Chapter 3 includes the 
simulations of middle ear dysfunctions, i.e., ossicular fixation and changes of the tympanic 
membrane before and after myringoplasty. Changes of the ossicular compliances and a transmission 
efficiency caused by each dysfunction are calculated. An effective diagnosis method for each disease 
is investigated. Chapter 4 discusses the computational modeling of the human inner ear using a 
finite-element method and verification of the validity of the passive cochlear model. Chapter 5 
discusses how to formulate the activities of the sensory hair cells in the cochlea. The activity of 
OHCs is formulated based on the measurements of the DPOAEs. Development of the DPOAEs 
measurement system is also included. The ionic current model of IHCs is modeled. The human 
cochlear FE-model and the ionic current models of IHCs are combined to represent mechano-
electrical transduction (MET) in the active cochlea. Chapter 6 includes the simulations of inner ear 
dysfunction, i.e., endolymph hydrops and partial functional loss of the OHCs. Reduction of hearing 
level was estimated based on the changes of the vibration amplitudes of the BM. The pathogenic 
mechanisms of each disease and the relationship between deformation of the cochlea and the 
reduction of hearing level are investigated. Chapter 7 concludes this thesis and includes a brief 
discussion of future research.  
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1.3  Structure of the human auditory periphery 
The human auditory periphery is composed of the external ear, the middle ear and the inner ear (Fig. 
1.3.1 (a)). Sound pressure propagates to the middle ear through the external ear canal. Next, the 
mechanical vibration of the middle ear is transduced to electrical signals at the cochlea in the inner 
ear. 
1.3.1 Middle ear 
The human middle ear is composed of the tympanic membrane and the ossicles (Fig. 1.3.1 (b)). The 
ossicles are three little bones, i.e., the malleus, the incus, and the stapes (Fig. 1.3.1 (c)). The vibration 
of the tympanic membrane evoked by sound stimuli transmits to the cochlea via the ossicular chain. 
The ossicular chain is supported by several ligaments and tendons for an effective transmission of 
the vibration of the tympanic membrane to the cochlea. The stapes is connected with the cochlea 
through the oval window. The stapes shows a piston-like motion with respect to the oval window 
when low sound pressure was applied at the ear canal. On the other hand, the stapes shows a rocking 
motion in the long axis direction when high sound pressure was applied [34]. The displacement of 
the stapes footplate caused by applying sound stimuli at the ear canal was measured in human 
temporal bones and was up to 150 μm [35]. The ossicular chain also vibrates differently depending 
on the frequency of the sound pressure. The tip of the malleus and the stapes head shows a rectilinear 
motion of piston at low frequencies under 100 Hz. The rotational axis of the malleus shifts to 
superior direction with an increase in the frequency and the stapes show an elliptical motion. The 
rotation axis of the incus also shifts to a superior direction in the case of a frequency range at 2 kHz 
to 8 kHz and the stapes show a hinge-like motion. The lever ratio of the middle ear increases with 
an increase in the frequency due to the change in the rotational axis of the ossicles and has a 
maximum value at 2 kHz [34]. The ossicular chain has an efficient transduction mechanism with 
respect to the acoustic energy in terms of time and frequency. 
1.3.2 Inner ear 
1.3.2.1 Cochlea 
The cochlea is an auditory receptor organ common in mammals and has a spiral shape. A cross-
section of the cochlea is shown in Fig. 1.3.1 (d). The cochlea is divided into three compartments by 
the Reissner’s membrane (RM) and the basilar membrane (BM), i.e., the scala vestibuli (SV), the 
scala media (SM), and the scala tympani (ST). The SM is filled with the endolymph and is called 
the cochlear duct. The SV and the ST are filled with the perilymph. The SV and the ST are connected 
through the helicotrema which exists at the apex of the cochlea. The basal part of the SV is connected 
to the stapes through a membrane called the oval window. A membrane called the round window is 
located on the basal part of the ST. The human BM consists of four layers and is composed of radial 
fibers [36]. The length of the BM varies depending on the mammalian species and is 28.0 to 40.1 
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mm in humans [37]. The width of the BM is narrow at the basal side and gradually widen toward 
the apical side [38]. The thickness of the BM varies both radially and longitudinally [36]. 
1.3.2.2 Organ of Corti 
The organ of Corti (Fig. 1.3.1 (d)), which is located on the BM, contains the auditory sensory cells, 
i.e., a single row of the inner hair cells (IHC) and three rows of the outer hair cells (OHCs). Humans 
have 3,500 of the IHCs and 12,000 of the OHCs [39]. The hair cells are supported by Dieters cells. 
The diameter and the length of the hair cells at apical turn are larger than those at the basal turn of 
the cochlea [39]. The hair bundle of the stereocilia is located on the apical surface of the cell and is 
arranged in order of its length. The tallest stereocilium of the OHC is attached with the tectorial 
membrane (TM). The stereocilia are connected by the tip links attached to mechanoelectrical 
transduction (MET) channels. The OHCs are connected to both the efferent and afferent nerve. The 
bottom of the IHCs is connected to 90 ~ 95 % of afferent nerves [40] [34]. 
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(a)  
 
(b) (c) 
 
 
(d)  
 
 
Fig. 1.3.1 Structure of the human auditory periphery.  
(a) Human auditory periphery; (b) Middle ear; (c) The ossicles [41]; (d) Cross-section of the 
cochlea and the organ of Corti. 
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1.4  Function of the human ear 
1.4.1 Sound transmission and the traveling wave 
Mechanical vibrations transmitted from the stapes vibrate the oval window and vibrate the lymph 
fluid in the cochlea. Vibrations of the lymph flow propagate from the vestibule to the round window 
via the helicotrema. The volume displacement of the round window is the same as that of the oval 
window because the lymph is considered incompressible. A pressure difference between the SV and 
the ST is derived from the propagation of the lymph flow, and generates a traveling wave on the BM. 
The traveling wave moves toward the apical side from the basal side. 
1.4.2 Frequency discrimination ability of the cochlea 
The traveling wave generated by a pure tone of a certain frequency has the maximum amplitude at 
a specific place of the BM. This frequency is called the characteristic frequency (CF) at the place of 
the BM. This means that the BM has a frequency discrimination ability. Greenwood reported the 
relationship between the frequency of the sound pressure load and the location of the maximum 
displacement of the BM (eq. 2.1 [7]), i.e., the distribution of the CF (Fig. 1.4.1 (a)). The horizontal 
axis represents the distance from the basal part which is normalized with the length of the BM. The 
higher CF location is at the more basal part of the BM. Figure 1.2.1 (b) shows images of traveling 
waves when the input frequency is high or low. The traveling wave of the BM shows the maximum 
amplitude at the basal part when the input frequency is high, and shows the maximum amplitude at 
the apical part when the input frequency is low. 
 𝑓CF = 165.4(10
2.1𝑥 − 1) (2.1) 
where,  
 𝑥 : the position on the basilar membrane  
1.4.3 Mechano-electrical transduction (MET) of the sensory hair cells 
The organ of Corti has an important role in the transduction of auditory signals. The OHC have a 
motility which amplifies the vibration of the BM under physiological conditions. The IHC transform 
the mechanical vibration to electrical signals and release transmitting materials which make the 
auditory nerve deliver the electrical signals to the brain. 
1.4.3.1 Amplification mechanism of the OHC 
A shear movement between the tectorial membrane and the BM (Fig. 1.4.2) is generated by the 
traveling wave. The MET of the OHC is shown in Fig. 1.4.3. The stereocilia of OHCs are bended 
by the shear movement, and the displacement-sensitive ion channels are opened (Fig. 1.4.3 ②). The 
ion channels are membrane proteins which allow specific ions to pass through when the channel 
opens. The endolymph has high concentration of K+, and K+ flows into the cell by the opening of 
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the displacement-sensitive ion channels. The inflow of K+ changes the ion concentration of the inside 
of the cell, thereby depolarizing the cell. The voltage-dependent Ca2+ channels are opened by 
depolarization and Ca2+ flows into the cells (Fig. 1.4.3 ③). Subsequently, the motor protein, prestin, 
located on the side wall of the cells changes by the depolarization and the cell stretches and contracts 
(Fig. 1.4.3 ④). An increase in the Ca2+ concentration inside of the cells opens the K+ channel, and 
K+ flows out of the cell. Cells are hyperpolarized by the outflow of K+. The membrane potential 
returns to the original value by hyperpolarization, and the cell returns to its original length (Fig. 
1.4.3 ⑤). Increased intracellular Ca2+ are excreted to outside of the cells by the Na+ - Ca2+ exchange 
transport, or are sent to the cell storage. The vibration of the BM is amplified by the elongation and 
contraction of OHCs, and traveling waves have the maximum amplitude at each part of BM by each 
input frequency, i.e., there is a feedback system between the BM and the OHC. 
1.4.3.2 Electric-mechanic transformation mechanism of the IHC 
The MET of the IHC is shown in Fig. 1.4.4. The amplified vibration of the BM changes the flow of 
the endolymph. The displacement-sensitive ion channels of IHC are opened by the bending of the 
stereocilia due to the change of the flow of the lymph. Then the K+ flow into the cell due to open of 
the ion channels and the cell depolarizes (Fig. 1.4.4 ②). Voltage-gated Ca2+ channels are opened by 
the depolarization, and Ca2+ flows into the cells. An increase of Ca2+ concentration in the cells 
promotes the release of neurotransmitters (Fig. 1.4.4 ③). The afferent auditory nerves connected to 
the IHC are excited by the neurotransmitters. The K+ channels open by depolarization and K+ flows 
out of the cell and the membrane potential returns to the original value. Also, the concentration of 
Ca2+ is adjusted by the ion pump and the endoplasmic reticulum (Fig. 1.4.4 ④). It is possible to 
estimate the output of the cochlea, i.e., the firing of the auditory nerves, by the change in the 
Ca2+concentration, because the concentration derives the firing of the nerves. 
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Fig. 1.4.1 Characteristic frequency.  
(a) Characteristic frequency map of human BM [7]. (b) Traveling wave generated on BM. 
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Fig. 1.4.2 Shear movement in organ of Corti. 
 
 
 
Fig. 1.4.3 Mechano-electrical transduction and ion flow in the OHC [40]. 
 
 
 
Fig. 1.4.4 Mechano-electrical transduction and ion flow in the IHC [40]. 
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1.5  Dysfunction of the auditory organ 
There are two kinds of hearing loss as follows: Conductive hearing loss is caused by a dysfunction 
of the external ear and/or the middle ear. On the other hand, sensorineural hearing loss is caused by 
a dysfunction of the inner ear, the auditory nerve, or the brain. 
1.5.1 Conductive hearing loss 
The middle ear effectively propagates the vibration of the air to the cochlea with the area ratio of the 
tympanic membrane and the oval window (impedance matching). Damages of the middle ear cause 
a decrease in the transmission efficiency of the sound to the cochlea, and the threshold of hearing 
increases. The pathological conditions that occur as a result of conductive hearing loss are as follows 
[34]: 
(1) Abnormality of the external ear 
(2) Change of impedance of the tympanic membrane 
(3) Tympanic membrane perforations 
(4) Abnormality of the ossicular chain 
Middle ear diseases can be treated by surgery, i.e., the ossicular chain and the tympanic membrane 
can be reconstructed respectively by tympanoplasty (Chap. 3.1) and myringoplasty (Chap. 3.2). 
According to the number of operations per year in Japan reported by the Japanese Ministry of Health, 
Labor and Welfare, tympanoplasty is the second most common surgery in the field of otology. 
1.5.2 Sensorineural hearing loss 
Sensorineural hearing loss occurs as a disorder of the central nervous system or the inner ear. 
Sensorineural hearing loss is roughly divided, by the injury site, into inner ear hearing loss and 
retrocochlear hearing loss. In this study, only inner ear hearing loss is investigated. 
(1) Inner ear hearing loss 
Inner ear hearing loss is caused by injury of the inner ear parts, such as the organ of Corti which 
includes the OHCs and the IHCs, the RM, and the BM, etc. For example, the endolymphatic hydrops 
(Chap. 6.1) which is classified as one of the refractory inner ear diseases by the Japanese Ministry 
of Health, Labor and Welfare causes inner ear hearing loss. Physical damage such as noise exposure, 
inflammation, circulatory disorder, aging, etc., cause damage to hair cells. The OHCs, in particular, 
can easily become physically damaged, such as by aging [42] or by exposure to an explosion [43]. 
For example, one pathogenesis of age-related hearing loss is considered damaged OHCs [42] (Chap. 
6.2).  
(2) Retrocochlear hearing loss 
The pathogenesis of retrocochlear hearing loss occurs as follows: the cochlear nerve disorder, the 
brainstem disorder, and cortical deficit.  
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Chapter 2 
Computational modeling of the human 
middle ear 
2.1 Finite-element model of the human middle ear 
2.1.1 Geometric conditions 
The finite-element model of the human middle ear (Fig. 2.1.1) in this study was constructed based 
on the model of Koike et al. [16]. The model was composed of the tympanic membrane, the ossicles, 
ligaments, tendons, and the vestibular part of the cochlea. Several ligaments and tendons support the 
ossicular chain, however, the model simply represents the parts which are considered influential to 
ossicular mobility, i.e., the tensor tympani tendon, anterior malleal ligament (AML), posterior 
incudal ligament (PIL), stapedial muscle tendon, stapedial annular ligament (SAL) and 
incudostapedial (I-S) joint. The malleoincudal (M-I) joint was ignored in this model because the M-
I joint barely affects the piston-like motion of stapes at low frequencies under 2 kHz, which was 
measured in cadaveric temporal bones [44]. It is necessary to consider the influence of the cochlea 
when analyzing the behavior of the middle ear because the stapes footplate is in contact with the 
lymph of the cochlea through the oval window. In this study, impedance of the cochlea is simply 
expressed by a rectangular elastic solid part in this model instead of the damping coefficient as in 
Koike’s model. The tympanic cavity and the ear canal were not modeled in this study. 
Each part of the model was divided by a hexahedral structured grid. The tympanic 
membrane and the oval window, which are thin-film tissues, are determined as shell elements, and 
other structural parts are defined as solid elements. The total number of nodes was 11880 and the 
total number of elements was 6218. 
2.1.2 Boundary conditions and calculation scheme 
The ends of the ligaments and tendons on the wall side of the tympanic cavity and the periphery of 
the tympanic membrane were fixed. In addition, the bottom of the simplified cochlea was fixed. 
 The Newton equation was used to solve the structural part. Time accuracy was solved by 
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the 1st order of the backward Euler in Eq. 2.1.  
 
 
𝑓𝑛
𝑛+1 − 𝑓1
𝑛
∆𝑡
+ 0(∆𝑡) = 𝑘
𝑓𝑖+𝑗
𝑛 − 2𝑓𝑖
𝑛 + 𝑓𝑖−1
𝑛
∆𝑥2
+ 0(∆𝑥2) (2.1) 
where,  
 
𝑘: the diffusion coefficient, 𝑛: the timestep, 
𝑖: the current cell in which the computation is being performed for variable 𝑓.  
2.1.3 Mechanical properties 
The mechanical properties of Koike’s model were used in this study. However, some mechanical 
properties were modified for the following reasons. The Young’s modulus and density of each part 
of the model in this study were summarized in Table 2.1.1. The Young’s modulus of the tympanic 
membrane was modified to half the value of Koike’s value because the boundary condition of the 
periphery of the tympanic membrane is totally fixed, which is different from that in Koike’s model. 
The Young’s modulus of SAL was also modified to 6.5E+04 N/m2 (Koike’s value is 1.95E+05 N/m2) 
by considering the additional elastic force caused by the addition of the simplified cochlear model 
to the stapes footplate. Also, the density and the Young’s modulus of the simplified cochlea were 
determined by conforming the displacements of the ossicles obtained from the model to those of the 
measurements in humans, i.e., the displacement of the ossicles and the lever ratio [2] [3]. The 
material nonlinearity of ligaments and tendons were not considered because the range of 
displacement of SAL in the model was small. The strain obtained from the model was small enough 
to consider the linear area of the shear stress-shear strain curve of SALs obtained from cadaveric 
temporal bones [45].  
The Rayleigh damping was applied to the structure of the model. The Rayleigh damping 
ratio is expressed as Eq. 2.2. The damping parameters, 𝛼, 𝛽, were determined based on Koike’s 
model [16]. The damping ratio used in this study is shown in Fig. 2.1.2. 
 
ζ = (
𝛼
2𝜔
+
𝛽𝜔
2
) (2.2) 
where,  
 ζ: damping ratio, 𝜔 : angular frequency, 𝛼, 𝛽 : parameter of Rayleigh damping 
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Fig. 2.1.1 FE-model of the human middle ear. 
 
 
 
Fig. 2.1.2 Relationship between damping ratio and frequency.  
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Table 2.1.1 Young’s modulus and density of the model. 
  Young’s modulus (N/m2) Density (kg/ m3) 
tympanic 
membrane 
tympani pars flaccida 5.50E+06 
1200 tympani pars tensa 1.67E+07 
membrane-manubrium 8.35E+07 
 
malleus – TM center 3.34E+04 
2500 malleus – TM tip 
3.34E+07 
malleus – TM side position 
ossicles 1.20E+10 2500 
joint 
M – I joint 6.00E+06 
2500 
I – S joint 1.20E+10 
tensor tympani tendon 2.60E+06 2500 
stapedial muscle 5.20E+05 2500 
ligament 
AML 
(anterior malleal ligament) 
2.10E+07 
2500 
PIL 
(posterior incudal ligament) 
6.50E+05 
SAL 
(stapedial annular ligament) 
6.50E+04 
oval window 1.20E+10 2500 
cochlea 1.50E+04 1000 
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2.2 Assessments of the model 
2.2.1 Methods 
The model was verified by comparing the ossicular mobility and the ossicular displacements 
obtained from the model to those of the measurements in humans [2] [3]. The ossicular mobility was 
here evaluated based on its compliance, i.e., the ratio of the displacement to a point load (Eq. 2.3).  
 
compliance =
displacement (mm)
load (N)
. (2.3) 
The compliances at each ossicle obtained from the model were compared with the compliances 
measured in two fresh cadavers. The compliances were measured by palpation (Fig. 2.2.1 (a)) using 
an intra-operative assessment system for quantitative assessment of ossicular mobility [46]. The 
measurement point of each ossicle and palpation angle is shown in Fig. 2.2.1 (b). The ossicular 
compliances of the model were calculated by the ratio of the displacement to a point load of 20 Hz, 
which was used for the measurement. The point load was applied to each of the measurement points.  
The impulse response of the ossicular displacement was calculated when sound pressure 
was applied on the surface of the tympanic membrane in the finite-element model. The displacement 
was obtained at the umbo, which is the most dented spot of the cone-shaped tympanic membrane 
and the posterior crus of the stapes. The displacement of Z-axis direction, i.e., the vertical direction 
to the tympanic membrane, was obtained. Time domain analyses were performed using CFD-ACE+ 
software (ESI Group). 
2.2.2 Results 
The ossicular compliances obtained from the measurement are shown in Fig. 2.2.1 (c). The averaged 
compliance of the 3 times of the measurement was plotted (□). The ossicular compliances obtained 
from the model are shown in Fig. 2.2.1 (d). The absolute values of the compliances might include 
an individual difference of the mobility of the ossicular chain. Therefore, the relative difference 
between the compliances of each ossicle, i.e., the normalized compliances, should be compared for 
assessment of the compliances of the ossicular chain (Fig. 2.2.2). Although the compliances obtained 
from the model were smaller than those obtained from the measurement, these results showed 
similar tendencies.  
The displacements of the umbo and the stapes obtained from the model is shown in Fig. 
2.2.3. The displacements obtained from the measurements are linearly converted to the displacement 
when 80 dB SPL of sound pressure was applied to the tympanic membrane, because the 
displacement between the measurement and calculation should be compared at same sound pressure 
level. Each of the dotted lines show the averaged measurement values. The displacements obtained 
from the model were approximately included in the range of those of the measurements when the 
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frequency of the stimulus was under 0.5 kHz.  
2.2.3 Discussion 
The reason why the stapedial displacements obtained from the model were larger than those of the 
measurements, was because the simplified cochlea of the model could not express proper cochlear 
impedance at high frequencies. The ossicular mobilities are usually measured by palpation with a 
quasi-static load, i.e., a load of very low frequency, to ossicles in clinical situations and are important 
to evaluate the transmission function of the middle ear. Therefore, the results of the assessment 
suggest that the finite-element model accurately represents the ossicular vibration at low frequencies 
and the model is appropriate for evaluation of the ossicular compliance.  
 
(a) (b) 
 
 
(c) (d) 
  
Fig. 2.2.1 Measurement of ossicular mobility and simulation result.  
(a) Measurement of the ossicular mobility by palpation. (b) Measurement points, 1: head of the 
malleus; 2: long leg of the incus; 3: upper part of posterior crus of the stapes; 4: upper part of 
posterior crus of the stapes (in the anterior-superior direction); 5: basal part of posterior crus of 
the stapes. (c) Measurement results (#1). (d) Simulation results.  
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(a) (b) 
  
 
Fig. 2.2.2 Normalized ossicular mobility. 
(a) Measurement results (#1). (b) Simulation results 
 
 
 
(a) (b) 
  
 
Fig. 2.2.3 Displacements of (a) the umbo and (b) the stapes obtained from measurements [2] 
[3] and FE-model. 
 
 
23 
 
Chapter 3 
Simulation of dysfunction of the middle ear 
Chapter 3 includes the simulations of the pathologies of the middle ear dysfunctions, i.e., 
ossicular fixation and changes of the tympanic membrane before and after myringoplasty. 
Those pathologies are cured by the most common aural surgeries, i.e., tympanoplasty and 
myringoplasty. Changes in compliances and transmission efficiency caused by each 
dysfunction were calculated. An effective diagnosis method of each disease was 
investigated. 
 
3.1 Ossicular fixation 
3.1.1 Ossicular fixation 
The ossicular chain has an important role in hearing through the transmission of sound pressure to 
the cochlea and is supported by ligaments and tendons for easy vibration. Ossicular fixations 
interrupt the transmission of the vibration through the ossicular chain and cause conductive hearing 
loss. Many pathologies of conductive hearing loss exist, e.g., ankylosis between the ossicles and the 
wall of the tympanic cavity caused by abnormal bony growths [47] [48], or hyalinization of the 
anterior malleal ligament, AML [49]. The parts of fixation of the ossicles are usually reconstructed 
by surgical procedure, i.e., tympanoplasty surgery, to improve hearing level. According to the 
number of operations per year in Japan reported by the Japanese Ministry of Health, Labor and 
Welfare, tympanoplasty is the second most common surgery in the field of otology. However, 
diagnosis of the part of fixation in most patients is difficult to make by tympanometry or diagnostic 
imaging before surgery. Thus, part of the fixation is usually detected during surgery by palpation of 
the ossicles. Although evaluating the mobility of the ossicles to determine the operative procedure 
during the surgery is important, the assessment of ossicular mobility depends on the surgeon’s sense 
of touch [46]. Evaluation of the mobility of the stapes is important because a correlation was found 
between the mobility and the degree of recovery of hearing after surgery [50]. Goto et al. also 
reported some cases in which it was difficult to assess the mobility due to inflammatory granulation 
tissue around the stapedial annular ligament, SAL [50]. Parts of fixation and degrees of fixation are 
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different among patients, and identification of the part of fixation is difficult particularly in the case 
of combined fixation. The difficulty of assessment of ossicular mobility and absence of diagnostic 
criteria causes untreated fixation, and some patients may need revision surgery. Fisch et al. reported 
that 37.5 % of patients needed malleo-stapedotomy after surgery for otosclerosis due to the partial 
fixation of the malleus [51]. 
Several studies in patients and cadavers have investigated effective methods for the 
diagnosis of each pathology. Nakajima et al. simulated AML fixation and extensive ossicular 
fixation in cadaveric temporal bones [3] [52]. They measured the velocities of the umbo and the 
stapes by laser Doppler vibrometry (LDV) and compared these measurements with clinical results. 
Huber et al. measured the displacements of the umbo and the stapes footplate in patients with 
otosclerosis and in cadaveric temporal bones which simulated AML fixation. They compared the 
results with those obtained from a finite-element model of the middle ear [30]. Dai et al. reported 
displacements of the tympanic membrane and the stapes footplate in fixation and detachment of the 
superior and the anterior malleal ligaments [31]. They compared the experimental values and the 
mathematical values obtained from the finite-element model. Most of these studies reported on 
singular fixation cases and assessed the ossicular mobility by measurement of ossicular velocities 
using laser Doppler vibrometry. However, ossicular velocities are not usually measured with laser 
Doppler vibrometry in a clinical setting because measurement by the vibrometry is expensive and 
complicated. Thus, a study of diagnosis criteria for ossicular mobility which can detect the parts of 
fixation in combined fixation is necessary because many patients suffer from combined fixation and 
the surgeon needs a quantified diagnosis method of palpation. In this study, ossicular fixation was 
simulated by a finite-element model of the human middle ear and the fixation-induced changes were 
calculated to investigate effective diagnostic methods of ossicular mobility based on mathematical 
analyses. 
3.1.2 Methods 
3.1.2.1 Representation of ossicular fixation 
Fixation of the ligaments, i.e., AML, the posterior incudal ligament (PIL), and SAL were represented. 
Singular fixation cases and combined fixation cases were calculated. The fixation of the ligaments 
was represented by increasing their stiffness. Increment of the Young’s modulus of the ligament was 
set to two stages. Each Young’s modulus of the ligament in the intact model (Table 2.1.1) was 
magnified 10 times or 100 times. The connection between the incus and the stapes, i.e., the I-S joint, 
often needed to be cut during surgery. Thus, fixation of AML or PIL in the I-S joint cut model, i.e., 
the model that removed the I-S joint, the stapes and the simplified cochlea, and fixation of SAL in 
the isolated stapes model were represented by increasing their stiffness. 
3.1.2.2 Calculation of fixation-induced changes 
The velocities of the umbo and the stapes were calculated in each fixation case and compared with 
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the measurements in patients and in cadaveric temporal bones [3] [52] [30]. The changes in ossicular 
mobility caused by each fixation were evaluated as compliance. Compliance changes due to fixation 
were obtained from each ossicle. Singular fixation cases and combined fixation cases were 
calculated and compared with the intact case. The fixation-induced changes in the I-S joint cut model 
and the isolated stapes model were also calculated in the same way. 
(1) Calculation of ossicular velocities  
The impulse response of ossicular velocities was calculated when sound pressure was applied on the 
surface of the tympanic membrane in the finite-element model. The umbo velocity of Z-axis 
direction, i.e., vertical direction to the tympanic membrane, was obtained. The stapes velocity was 
obtained from the posterior crus with an angle of 45° to the stapes footplate. Each ossicular velocity 
was calculated by imitating the measurement directions of Nakajima’s study [3] [52] to compare the 
results obtained from the finite-element model with those of the measurements values. The velocities 
were calculated in all fixation cases and in the intact case.  
(2) Calculation of compliances 
Compliance at the ossicles was calculated by the ratio of the displacement to a point load. The 
manubrium of the malleus, the long process of the incus and the posterior crus of the stapes were 
selected as calculation points considering the surgeon’s field of view and the palpable angle. The 
compliance of each ossicle was obtained respectively by simulating variable palpation angles (Fig. 
3.1.1). Supero-inferior direction was also calculated at the posterior crus of the stapes. The 
compliance at the ossicles in each fixation case and in the intact case were obtained.  
3.1.3 Results 
3.1.3.1 Changes in ossicular velocities 
Fixation-induced changes in the ossicular velocities, which were calculated as ratios of the velocities 
obtained in the fixation cases to those obtained in the intact case, were calculated from the impulse 
response analyses. Changes in velocities at the umbo and the stapes in singular fixation cases are 
shown in Fig. 3.1.2 (a)) and those in the combined fixation case, i.e., fixation of AML and SAL or 
fixation of PIL and SAL, are shown in Fig. 3.1.2 (b)). The harder fixation cases had larger 
decrements of the velocities. The decrements of the umbo velocities and the stapes velocities were 
almost the same in the singular fixation cases of AML or PIL. Both the singular and combined 
fixation cases involving SAL fixation were plotted above the dotted line, i.e., the larger decrements 
of the stapes velocities than the decrements of the umbo velocities. The decrements of umbo 
velocities were barely changed with the degree of fixation of AML and PIL. The decrements of 
stapes velocities when SAL fixation (* *) was combined to fixation of AML were larger than the 
velocities either in the singular fixation of SAL (* *) or the combined fixation of PIL and SAL (* *). 
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3.1.3.2 Changes in compliance 
Figure 3.1.3 shows the compliances of Z-axial direction in the singular fixation cases. The 
compliances at each ossicle were obtained from the complete model, i.e., the intact I-S joint model 
(Fig. 3.1.3 (a)) and the I-S joint cut model (Fig. 3.1.3 (b)). The dotted lines show the compliances at 
each ossicle obtained in the intact case. The compliances in all cases obtained from the I-S joint cut 
model were larger than those obtained from the complete model. The compliances in the fixation 
cases were smaller than those in the intact case, and the compliance at each ossicle was decreased 
with the increase of the degree of fixation. The AML fixation induced a large decrement of the 
compliance at the malleus (〇), and the PIL fixation induced a large decrement of the compliance at 
the incus (△). The SAL fixation induced a large decrement of the compliance at not only the stapes 
(□), but also at the malleus (〇) and the incus (△). The difference between the compliance at the 
malleus (〇) and the incus (△) is notated as ΔcM-I in this study. ΔcM-I in the fixation of AML cases 
were extremely smaller than in the other cases including the intact case. 
Figure 3.1.4 shows the compliance of Z-axial direction in the combined fixation cases, i.e., 
fixation of AML and SAL or fixation of PIL and SAL. The compliances at each ossicle were obtained 
from the complete model, i.e., the intact I-S joint model. The dotted lines show the compliances at 
each ossicle obtained in the intact case. The compliances at the stapes (□) largely decreased with 
the increase of the stiffness of SAL. The absolute value of the compliance at stapes (□) with the 
same fixation degree of SAL barely changed whether under singular fixation or combined fixation 
and was seldom affected by the stiffness of AML or PIL. The decrement of the compliances at the 
malleus (〇) in the combined fixation of AML and SAL cases were larger than those in the combined 
fixation of PIL and SAL. The compliances at the incus (△) in the combined fixation of AML and 
SAL were almost the same value as those in the combined fixation of PIL and SAL. ΔcM-I in the PIL 
fixation cases were larger than those in the AML fixation cases. 
The relationship between changes of compliances in the combined fixation case of PIL 
(x10) and SAL (x100) and the direction of the point load is shown in Fig. 3.1.5. The compliances at 
the malleus (〇) and incus (△) are shown in Fig. 3.1.5 (a) and the compliances at the stapes (□) 
are shown in Fig. 3.1.5 (b). The compliances at the incus (△) were barely changed regardless of the 
direction of the point load. The compliances at the malleus (〇) slightly varied by the direction of 
the load. The value of ΔcM-I in the combined fixation case of PIL (x10) and SAL (x100) varied by 
direction of the point load, and had the smallest value when the point load was applied to X-axial 
direction (Fig. 3.1.5 (a)). The compliances at the stapes (□) varied by the direction of the point load 
whether SAL was fixed or not (Fig. 3.1.5 (b)). The decrement of compliance of the stapes (□) 
caused by fixation is notated as ΔcS in this study. ΔcS was also varied and had the largest value when 
the point load was applied to 120° ~ 180° (Z-axial direction) at X-Z plane.  
The compliances of the stapes obtained from the intact I-S joint model and the I-S joint 
cut model were compared. The difference between those compliances in fixed case of SAL and the 
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intact case are shown in Fig. 3.1.6 by varying the direction of the point load. ΔcS was large enough 
to diagnose the SAL fixation regardless of the direction of the load and separation of the I-S joint. 
The absolute value of ΔcS obtained from the I-S joint cut model was larger than that of the intact I-
S joint model. The compliance obtained from the I-S joint cut model in the mildly (x10) fixed case 
of SAL was the same level as that obtained from the intact I-S joint model in the intact SAL case 
depending on the direction of the load. 
3.1.4 Discussion  
3.1.4.1 Changes in ossicular velocities 
The results obtained from the finite-element model of each fixation case (Fig. 3.1.2) were compared 
with results of the measurements in patients and in cadaveric temporal bones [52] [30] [31]. Those 
measurements of the displacements at the umbo and the stapes under 1 kHz in cadaveric temporal 
bones showed the same tendencies. Nakajima et al. simulated two degrees of the AML fixation with 
cadaveric temporal bone, i.e., by applying glue/cement on the AML or replacing the AML with a 
cement bar [52]. Applying glue/cement on the surface of the AML is considered to be equivalent 
with 10 times ( * )/100 times (* *) harder stiffness of AML cases in this study. The changes in the 
ossicular velocities in each degree of AML fixation at 500 Hz (Fig. 3.1.2 (a)) matched the 
measurements in the cadaveric temporal bone. The singular fixation cases of PIL or SAL were 
compared with the measurement by Nakajima et al. [3]. The two degrees of incus fixation in the 
measurement, i.e., one or two cement bars between the short process of the incus and the cavity wall 
are equivalent with 10 times ( * )/100 times (* *) harder stiffness of PIL cases in this study. Applying 
cement/glue surrounding the stapes footplate in the measurement is equivalent with 10 times 
( * )/100 times (* *) harder stiffness of SAL cases in this study. The changes in umbo velocities 
obtained from the finite-element model almost matched the measurements; however, the changes in 
stapes velocities were smaller than those in the measurements. The combined fixation cases of AML 
and SAL were compared with otosclerosis and AML fixation measurements in patients [30]. The 
change in umbo velocities of combined fixation cases were almost the same as the change in 
velocities of singular SAL fixation, and these tendencies matched the measurements. The combined 
fixation cases of PIL and SAL were compared with the measurements in cadaveric temporal bone 
[3]. Although the degree of fixation in Nakajima's paper was unclear, the change in umbo velocity 
was matched and the change in stapes velocity obtained from the finite-element model was smaller 
than that of the measurement. The changes in ossicular velocities obtained from the finite-element 
model in whole fixation cases mostly matched those of the measurements by several groups 
researching in cadaveric temporal bones and in patients. The reason for the small decrement of stapes 
velocities obtained from the finite-element model was due to imprecise damping of the simplified 
cochlear in the model. The similarities between experimental measurement results and numerical 
analysis results suggest that our modeling of fixation cases represents realistic pathologies. 
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3.1.4.2 Changes in compliance 
The compliances at the stapes obtained in the intact case were compared with compliances in 
patients (Unpublished data). Our research group has been developing an intra-operative assessment 
system to provide an objective and quantitative assessment of ossicular mobility based on an 
apparatus developed by Koike et al. [53]. The compliances in 15 patients were measured using the 
intra-operative assessment system during tympanoplasty surgery. Although 7 of the 15 patients had 
hearing loss caused by chronic otitis media, they had normal mobility of the stapes. The other 8 of 
the 15 patients had hearing loss caused by SAL fixation. The compliances at the stapes head obtained 
from the former group were considered the compliances of intact stapes. The compliances at the 
stapes head and footplate were measured in the latter group and were considered the compliances of 
SAL fixation. The compliances at the stapes head were also calculated in the intact case, and the 
value was 1.38 mm/N. This value is in the range of intact compliance (0.43 ~ 3.77 mm/N) obtained 
from the patients with normal mobility of the stapes. The compliances at the stapes footplate of the 
I-S joint cut model varied depending on the direction of the point load (0.18 ~ 0.29 mm/N) when 10 
times harder stiffness of SAL was used. The average of the compliances at the stapes footplate 
obtained from the latter group was 0.0530 ~ 0.469 mm/N. The reasons for the variability of 
compliances in patients were due to both individual differences in pathologies and palpation angle. 
These results suggest that the finite-element model accurately shows that the ossicular mobility and 
compliances obtained from the model were reliable. 
3.1.4.3 Effective measuring procedure of ossicular mobility and diagnostic criteria 
The importance of quantitative evaluation of ossicular mobility during ossicular chain reconstruction 
surgery has been reported [50]. Changes in the ossicular velocities by ossicular fixations have been 
measured for diagnosis of fixation parts and degree of fixation because umbo velocity can be 
considered as an ossicular input and the stapes velocity can be considered as ossicular output [3] 
[52] [30] [31]. Nakajima et al. suggested diagnostics to distinguish fixation between the stapes and 
malleus using the umbo velocity and air-bone gap [52]. Furthermore, changes of ossicular velocities 
by ossicular fixation have been numerically analyzed for theoretical support of the diagnosis [30] 
[31]. The ossicular velocities in the human temporal bones have been measured by LDV. However, 
LDV is not normally used in a clinical situation, even though non-invasive measurement of the 
ossicular velocities is available because LDV requires high costs and the measurement result can be 
affected by the condition of the tympanic membrane. Furthermore, some combined fixation cases 
were difficult to distinguish due to the similarities among the features of ossicular velocities [3]. 
Therefore, measurement systems for the palpation of ossicular mobility using high-sensitive sensors 
have been developed [46] [53] [54] [55]. 
In this study, fixation-induced ossicular compliance changes were calculated for evidence-
based diagnostic criteria and quantification of ossicular mobility in each pathology regardless of 
individual difference. As a result, decrements of the ossicular mobility in fixed cases of SAL were 
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larger than those in fixed cases of AML or PIL. The compliance of the stapes when SAL was 
stiffened was under 0.41 mm/N regardless of the direction of the point load, and was smaller than 
the value of 1.1 mm/N ~ 1.2 mm/N in the intact model. The decrements of the mobility of the stapes 
were large enough to evaluate fixation of SAL regardless of the direction of the point load. However, 
the absolute value of the compliance of the stapes in mildly (x10) fixed case of SAL might be 
difficult to evaluate depending on the angle of the load (Fig. 3.1.6) because the stapes shows different 
motions depending on the direction of the applied load and the compliance of the stapes might be 
seemingly increased. The stapes showed piston-like motion when a load in the direction 
perpendicular to the stapes footplate was applied (Fig. 3.1.7 (a)). The stapes showed rocking motion 
in addition to the piston-like motion when the direction of the applied load was changed (Fig. 3.1.7 
(b)~(c)). The decrements of the compliances of the malleus when AML was stiffened were under 
0.31 mm/N. The decrements of the compliances of the incus when PIL was stiffened were under 
0.25 mm/N. The decrements might be too small to assess by a palpation. The absolute value of the 
compliances of the malleus and the incus were almost the same regardless of fixation conditions. 
The malleus showed translational motion in the intact AML case, in addition to a rotational motion 
which rotated about an axis from AML to PIL when the point load was applied to the manubrium of 
the malleus or the long process of the incus (Fig. 3.1.8 (b)). On the other hand, the malleus only 
showed the rotational motion. Because the distance from the axis of rotation to the calculation point 
of each ossicle was almost the same, the compliances of the malleus and the incus had almost the 
same values in the fixed case of AML, and the absolute value of ΔcM-I was extremely small. The 
ΔcM-I in the Z-axial direction when AML was stiffened was 0.04 mm/N ~ 0.07 mm/N, which was 
smaller than the value of 0.15 mm/N ~ 0.21 mm/N obtained from the other fixation cases and the 
intact model. The ossicular mobility in cadaveric temporal bones of which AML was artificially 
fixed was assessed as a blind test of palpation by an otologist in Nakajima’s study [52]. As a result 
of the palpation, no significant difference in mobility was detected. Fisch et al. reported that 37.5 % 
of patients needed revision surgery due to untreated fixation of the AML and anterior mallear process 
[51]. A histopathologic study by Nandapalan et al. reported that 30 % of 43 of otosclerotic specimens 
had severe hyalinization of AML [49]. These reports imply that fixation of AML was often cured 
insufficiently in patients suffering from combined fixation and those patients needed revision surgery. 
The simulation results suggested that the fixation of AML can be detected by measuring the ΔcM-I. 
However, ΔcM-I in the intact AML case showed a small value when the point load was applied to the 
X-axial direction (Fig. 3.1.5 (a)). Thus, the surgeon should pay attention to the palpation angle. 
Based on these results, diagnostic criteria shown in Fig. 3.1.9 were established. First, 
compliance of the stapes with stiffened SAL is significantly decreased from that obtained from the 
intact model. Thus, the fixation of SAL can be evaluated by a palpation. Secondly, the absolute value 
of the ΔCM-I when AML was stiffened is almost zero. This result suggests that the mobility of the 
malleus and the incus when AML is stiffened are the same under endoscopic view. Thus, judgment 
of the fixation of AML by palpation is possible. However, it may be difficult to make the judgement 
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depending on the palpation angle. Thirdly, the diagnostic criteria suggest estimating the fixation of 
PIL by the compliance of incus or ΔCM-I. However, it may be difficult to make a judgment of the 
fixation of PIL based on these criteria by palpation because the criteria require detecting fine 
differences in compliance. Thus, development of an assessment device that quantifies ossicular 
mobility might be needed. Future work will quantitatively measure ossicular mobility in patients 
using an intra-operative assessment system developed by our research group and validate the 
diagnostic criteria. 
 
 
 
(a) (b) 
 
 
 
Fig. 3.1.1 Calculation points and the direction of the load.  
(a) manubrium of the malleus and the long process of the incus, (b) posterior crus of the stapes. 
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(a) (b) 
 
 
Fig. 3.1.2 Changes in the magnitudes of umbo velocity versus stapes velocity at 500 Hz.  
(a) Singular fixation cases. (b) Combined fixation cases. The dotted line shows the relationship 
when the change in umbo velocity and stapes velocity was the same. The number of * mark 
means degree of fixation: ( * , 10 times normal stiffness); (* *, 100 times normal stiffness). 
 
(a) (b) 
  
 
Fig. 3.1.3 Compliances of Z-axial direction in singular fixation cases at malleus (〇), incus (△) 
and stapes (□).  
(a) Complete model, i.e. intact I-S joint model. (b) I-S joint cut model. Compliances obtained 
from the intact model shown by dotted lines. Horizontal axis represents the fixed ligaments and 
degree of fixation. 
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Fig. 3.1.4 Compliances of Z-axial direction in combined fixation cases, i.e., additional fixation 
of SAL to either fixation case of AML or PIL, at malleus (〇), incus (△) and stapes (□).  
Compliances obtained from the intact model shown by dotted lines. Horizontal axis represents 
the fixed ligaments and degree of fixation. 
 
 
(a) (b) 
  
 
Fig. 3.1.5 Relationship between changes of compliances in the combined fixation case of PIL 
(x10) and SAL (x100) and the direction of the point load.  
(a) Compliance at the malleus and incus. (b) Compliance at the stapes. 
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Fig. 3.1.6 Comparison of compliance of the stapes between the intact I-S joint model, i.e., the 
complete model, and the I-S joint cut model, i.e., the isolated stapes model. 
 
 
 
 
 
Fig. 3.1.7 Vibration of the separated stapes in intact case.  
The angle between the load and the direction perpendicular to the stapes footplate was (a) 30° 
(135° at X-Z plane) and (b) 75° (90° at X-Z plane). (c) shows the vibration of stapes when supero-
inferior direction (Y-axial direction) of the load was applied. 
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Fig. 3.1.8 Ossicular mobilities and stiffness of AML. 
(a) Normal stiffness, (b) Fixation of AML. 
 
 
 
 
 
Fig. 3.1.9 An example of diagnosis flow.  
The numerical value in parentheses indicates the judgment standard value obtained by analysis. 
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3.2 Changes of the tympanic membrane before and after 
myringoplasty 
3.2.1 Myringoplasty 
A hole or a tear of the tympanic membrane (TM) is called a perforation and causes conductive 
hearing loss. Myringoplasty is a common surgery to repair a perforated TM to improve hearing level. 
A perforated TM is reconstructed by covering the perforation with a graft, i.e., piece of tissue. The 
most accepted material is a temporalis fascia graft due to its immunologically compatibility status 
[56]. The air-bone gap (ABG) is a hearing threshold gap between air conduction and bone 
conduction, and the important indicator of middle ear transfer function before and after 
myringoplasty. However, some patients still experienced unexpected ABGs after myringoplasty. The 
reconstructed tympanic membrane could be an important factor that influences the vibration of the 
TM itself and may cause unexpected ABGs after myringoplasty [57].  
Previous anatomical study [58] and theoretical studies using FE-models [16] [29] [59] 
showed that properties of the TM are likely to be important factors to its vibration. Koike et al. [16] 
concluded that transfer function varies with the anatomic shape and the physical properties of the 
tympanic membrane using the FE-model. Lee et al. [29] investigated the optimal graft thickness for 
myringoplasty by using FE-models which had varying sizes of perforation. Gan et al. [59] 
investigated the effects of perforation size to middle ear transfer function by measurement in 
temporal bones and simulation with the FE-model. 
In this study, changes in the ossicular velocities induced by varying sizes of perforation of 
the TM, and by deformation of the TM post myringoplasty were studied using the FE-model of the 
middle ear.  
3.2.2 Methods 
3.2.2.1 Representation of perforation of the tympanic membrane  
Three sizes of the perforation area were determined to have perforation of the TM in pre-surgery 
conditions as shown in Fig. 3.2.1. The perforated area was represented by decreasing the stiffness 
and density of the TM. The mass of the perforated area was set to zero. The density and Young’s 
modulus (stiffness) at the diseased area of the TM was changed as shown in Table 3.2.1. 
3.2.2.2 Change of the tympanic membrane after myringoplasty  
The repaired perforation area after myringoplasty was determined to be the same as shown in Fig. 
3.2.1 (c), i.e., 47.6% of the TM area excluding the flacida area. The conditions of the repaired TM 
post-myringoplasty were simulated by modifying the stiffness and density in the perforated area. 
The density and Young’s modulus (stiffness) of the repaired perforation area were determined by 
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considering the mechanical properties of the human fascia [52] [53] [54] (Table 3.2.2). Because the 
thickness of temporal fascia is approximately 10 times thicker than that of tympanic membrane, the 
densities of the repaired areas were increased more than 10 times the value of the temporal fascia 
instead of increasing the thickness of the repaired area. In this study, the Young’s modulus was 
increased instead of increasing the thickness of the temporal fascia. The Young’s modulus of the 
repaired area was increased more than 1000 times the value of the temporalis fascia because stiffness 
is proportional to the cube of thickness. The density and Young’s modulus at the recovered area of 
tympanic membrane changed as shown in Table 3.2.3.  
The TM could be flattened after myringoplasty when a large area of perforation was 
repaired by a graft. A finite-element model of the human middle ear with a flattened tympanic 
membrane was also constructed (Fig. 3.2.2 (b)) to represent deformed tympanic membrane post-
myringoplasty. The depth of the conical tympanic membrane was 1.54 mm. The depth of the flat 
tympanic membrane was 0.257 mm. 
3.2.2.3 Changes in the ossicular velocities  
The impulse response of ossicular velocities was calculated when sound pressure was applied on the 
surface of the tympanic membrane in the finite-element model. The umbo velocity in the Z-axis 
direction, i.e., vertical direction to the tympanic membrane, was obtained. The stapes velocity was 
obtained at the posterior crus with an angle of 45° to the stapes footplate. The velocities were 
calculated in both the conical-shaped TM and the flat-shaped TM models which had a repaired 
perforation area. Also, the umbo velocity was calculated in the normal FE-model for comparison. 
Time domain analyses were performed using CFD-ACE+ software (ESI Group). 
3.2.3 Results 
The ratios (dB) of the ossicular velocities obtained from the model with perforated TM to those in 
the intact model were shown in Fig. 3.2.3. The larger the perforation size, the larger decrement of 
velocities was obtained. There is a notch around 1 kHz, which is a resonance frequency of the model 
(Fig. 2.2.3).  
Changes in the ossicular velocities in flat shape of the TM were shown in Fig. 3.2.4. There 
is a peak at 0.6 kHz and a notch around 1 kHz because of the shift of resonance frequency. Changes 
in the ossicular velocities in the post-myringoplasty models, i.e., both of the conical shape and the 
flattened shape of the TM, are shown in Fig. 3.2.5. The decrements of velocities were slightly 
increased with an increase in the stiffness of the TM, i.e., a comparison of the decrements obtained 
from models A and C. On the other hand, the decrements of velocities were noticeably increased 
with an increase in the density of the TM, i.e., a comparison of the decrements obtained from models 
A and B. When similar parameters of density and stiffness at the repaired area of the TM were used, 
but the shape of the TM was flattened, the ossicular velocities decreased dramatically, particularly 
around 1 kHz. 
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3.2.4 Discussion 
The decrements of ossicular velocities obtained from the pre-myringoplasty model were smaller 
than those obtained from measurement in temporal bones by Gan et al. [29]. The tympanic cavity 
has not been represented in the model in this thesis; therefore, it is hard to represent the pressure 
difference inside and outside of the TM. Thus, the pressure level in the ear canal and the tympanic 
cavity should be considered for a more precise representation of the perforation and for evaluating 
the change in the ossicular velocities. 
Lee et al. [59] suggested that the optimal thickness of a cartilage graft for myringoplasty 
is 0.1 to 0.2 mm for 55% of perforation. Young’s modulus of the human auricular cartilage at each 
part is 1.41 ± 2.08 MPa [60], which is very similar with that of the normal TM of the model. In 
spite of the increase in the Young’ modulus, the decrement of ossicular velocities obtained from the 
cone A and C models were about 5 dB regardless of frequencies. Thus, unexpected ABGs after 
surgery might be caused by the flattened shape of the TM post-myringoplasty. 
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(a) 
 
 
(b) 
 
(c) 
 
 
Fig. 3.2.1 Tympani membrane of the finite-model of human middle ear.  
The perforation area was (a) 11.3 %, (b) 35.1 % and (c) 47.6 % of TM area excluding the tympani 
pars flacida area. 
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Table 3.2.1 Mechanical properties of the perforation of the TM (Pre-Myringoplasty) 
 
 Properties of tympanic membrane 
Density [kg/m3] Young’s modulus [Pa] Thickness [μm] 
Intact model 1200 1.67E+07 60 
Pre-myringoplasty 1.2 1.67E+01 60 
 
 
 
Table 3.2.2  Mechanical properties of human fascia [61] [62] [63] . 
 
 Young’s modulus [Pa] Thickness [μm] 
Temporal fascia (old) [61] 5.64E+06 - 
Temporal fascia [62] - 796±72 
Fascia lata [63] 3.98E+08 - 
 
 
 
Table 3.2.3 Mechanical properties of the perforation of the TM (Post-Myringoplasty) 
 
 
Young’s modulus [MPa] 
(Temporal fascia (old) [61] : 5.64 MPa) 
×1000 ×10000 
Density [kg/m3] 
(Tympanic membrane [16] : 1200 kg/m3) 
×10 
Cone A Cone C 
Flat A Flat C 
×100 
Cone B 
 
Flat B 
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Fig. 3.2.2 The finite-model of human middle ear. 
(a) Conical type, (b) Flat type. The depth of the conical tympanic membrane was 1.54 mm. The 
depth of the flat tympanic membrane was 0.257 mm. 
 
(a) (b) 
  
 
Fig. 3.2.3 Changes in the ossicular velocities in pre-myringoplasty conditions. 
(a) Umbo velocity. (b) Stapes velocity. 
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Fig. 3.2.4 Changes in the ossicular velocities in the flat shape of the TM. 
 
 
(a) (b) 
  
 
Fig. 3.2.5 Changes in the ossicular velocities in post-myringoplasty conditions. 
(a) Umbo velocity. (b) Stapes velocity. 
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Chapter 4 
Computational modeling of the human inner 
ear  
The human cochlear finite-element model of this study is introduced in this chapter. The model was 
constructed based on the model of Koike et al. [19]. In this study, the model was modified by 
considering as follows: The BM was assumed to be an orthotropic elasticity material by considering 
the distribution of the collagen fibers in the BM. A damping force was additionally applied to the 
surface of the BM as a pressure, because the lymph fluid flows in the narrow flow path between the 
BM and the tectorial membrane. The element mesh of the fluid part was also modified. 
4.1 Geometric conditions and mechanical properties 
4.1.1 Geometric conditions 
The human cochlear finite-element model of this study (Fig. 4.1.1) was constructed based on the 
model of Koike et al. [19]. The cochlear model consists of structural parts and fluid parts. The 
structural parts are composed of the basilar membrane (BM), the osseous spiral lamina (OSL), the 
round window (RW), the stapes, the stapedial annular ligament (SAL), and the oval window (OW). 
The fluid parts are composed of the vestibule, the scala vestibuli (SV) and the scala media (SM), the 
scala tympani (ST), the cochlear aqueduct and the helicotrema. The vestibular part was modeled 
with the stapes, the SAL, and the OW. The cochlear labyrinth part was composed of the BM, the 
OSL, the RW, and the cochlear aqueduct. The dimensions of the model are as shown in Fig. 4.1.1 
(b). 
The mammalian cochlea has a spiral shape; however, the FE-model represents the 
straightened cochlea to avoid complication in the analysis. The effect of the straightened cochlea 
was investigated by comparing the mechanical vibration of the BM between the models of 
straightened cochlea and the spiral-shaped cochlea in a previous study [19]. As a result, the effect 
was slight, i.e., there was a shift of the CF location to the basal region (6~10 %) and decrement of 
the maximum amplitude (up to 6 %). Reissner’s membrane (RM) is also ignored to avoid 
complications of calculation because the vibration of the BM was barely affected whether the RM 
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existed or not [19]. The SV and the SM are unified and connected with the ST at the helicotrema. 
The dimension of each part is determined based on the reported values, e.g., the volume of the lymph 
fluid [64], length of the cochlea [65], length of the BM [37], width and thickness of the BM [29] 
[38], and the area and thickness of the RW [66]. The width and thickness of the BM change linearly 
from the base to apex as follows: the width changes from 100 μm to 500 μm and the thickness 
changes from 30 μm to 10 μm. Each part of the model was divided by a hexahedral structured grid. 
The BM, the OW and the RW are defined as shell elements, and other structural parts are defined as 
solid elements. The total number of nodes was 23726 and the total number of elements was 14641. 
4.1.2 Mechanical properties 
The mechanical properties of the model are also shown in Table 4.1.1. Unknown parameters, e.g., 
Young’s modulus of the RW, were determined by conforming calculation results to the values of the 
measurements [5] [6] [67] [68]. The Young’s modulus of the straightened BM was determined by 
comparison of the CF distribution map of Greenwood [7]. The BM was an isotropic material in the 
model of Koike et al. [19]. In this study, the BM was assumed to be an orthotropic elasticity material 
because the collagen fibers run in the direction of the width of the BM (in the direction of the X-
axis). Many of the orthotropic material properties of the biomaterial, e.g., Young's modulus, were 
not clarified because it is difficult to measure the orthotropic material in which the fibers are 
arranged in one direction. The Young's modulus of the cauda of a dried rat was measured by Cusack 
[69]. The Young's modulus of the orthogonal direction was 8. 3 MPa and that of the axial direction 
was 11.9 MPa. In this study, the Young’s modulus of the longitudinal direction of the BM, i.e., the 
Y-axial direction, EY, was set to be one-hundredth (0.02 MPa) or one-half (1 MPa) to those of the 
other direction (2 MPa). The EY of 0.02 MPa was used when the BM was assumed to be largely 
deformed, e.g., the endolymph hydrops (section 6.1). Each shear modulus was calculated by 
orthotropic stress-strain relations (Eq. 4.1). Each Poisson’s ratio was calculated by the orthotropic 
symmetry conditions (Eq. 4.2). The other structural parts were considered as isotropic elasticity 
materials.  
 
G𝑥𝑦 =
𝐸𝑥𝐸𝑦
𝐸𝑥 + 𝐸𝑦 + 2𝐸𝑦𝜈𝑥𝑦
 (4.1) 
 
𝜈𝑥𝑦
𝜈𝑦𝑥
=
𝐸𝑥
𝐸𝑦
, 
𝜈𝑥𝑦
𝜈𝑦𝑥
=
𝐸𝑥
𝐸𝑦
, 
𝜈𝑥𝑦
𝜈𝑦𝑥
=
𝐸𝑥
𝐸𝑦
 (4.2) 
where,  
 𝐸𝑥: Young’s modulus, G𝑥𝑦: shear modulus, 𝜈𝑥𝑦: Poisson’s ratio 
The lymph was considered incompressible viscous fluid. The viscosity of the lymph was 
determined based on that of blood with a low hematocrit value.  
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Rayleigh damping and numerical damping were applied. The relationship between the 
damping ratio of the Rayleigh damping and the frequency used in this study is shown in Fig. 4.1.2. 
The numerical damping roles have implicit control on the structural parts in time analysis. The 
transient finite element equations are solved using the Newmark Scheme [70]. This method uses a 
parameter, γ , that controls the implicitness of the algorithm. Artificial positive damping is 
introduced for values of γ. When the value γ is 0.5, no artificial damping is added to the solution. 
In this study, the value γ was determined to be 1. 
The model of Koike et al. [19] only considered Rayleigh damping. In this study, a damping 
force (Eq. 4.3) was applied additionally to the surface of the BM as a pressure, because the lymph 
fluid flows in a narrow flow path between the BM and the tectorial membrane. The damping force, 
𝑃𝐵𝑀 , which is proportional to the velocity of the BM in an opposite direction was applied and the 
damping of the BM was defined with 𝑐 = 5000. 
 𝑃𝐵𝑀 = −𝑐 ∙ 𝑉𝐵𝑀 (4.3) 
where,  
 𝑐 : coefficient of damping, 𝑉𝐵𝑀 : velocity of the BM. 
 
(a) 
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(b) 
 
 
Fig. 4.1.1 FE-model of the human cochlea. 
(a) Description of each part of the model. (b) Dimension of the model.  
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Table 4.1.1  Mechanical properties of the FE-model of the human cochlea. 
 
cochlear fluid [64] 
density [kg/m3]  1.034 × 103 
viscosity [N ∙ s/m2]  2.8 × 10−3 
basilar membrane 
Young’s modulus 
[N ∙/m2] 
EX 2.0 × 10
6 
EY 2.0 × 10
4 or 1.0 × 106 
EZ 2.0 × 10
6 
shear modulus 
[N ∙/m2] 
GXY 
1.961 × 105 
 or 5.025 × 105 
GXZ 6.711 × 105 
GYZ 
1.961 × 105 
 or 5.025 × 105 
Poisson’s ratio 
𝜈XY 0.49 
𝜈XZ 0.49 
𝜈YZ 0.0049 or 0.245 
density [kg/m3]  1.2 × 103 
round window 
Young’s modulus [Pa]  5.0 × 106 
Poisson’s ratio  0.49 
density [kg/m3]  1.2 × 103 
osseous spiral lamina [71] 
Young’s modulus [Pa]  2.0 × 1011 
Poisson’s ratio  0.3 
density [kg/m3]  1.2 × 103 
stapes [16] 
Young’s modulus [Pa]  1.2 × 1010 
Poisson’s ratio  0.3 
density [kg/m3]  2.75 × 103 
stapedial annular ligament 
[16] 
Young’s modulus [Pa]  4.9 × 105 
Poisson’s ratio  0.3 
density [kg/m3]  2.5 × 103 
oval window 
Young’s modulus [Pa]  3.34 × 106 
Poisson’s ratio  0.49 
density [kg/m3]  1.2 × 103 
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Fig. 4.1.2 Relationship between damping ratio and frequency. 
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4.2 Boundary conditions and calculation scheme  
4.2.1 Boundary conditions 
The extremities of the BM, the RW, and the SAL, etc., were fixed. The walls of the lymph parts were 
also determined as a rigid wall because the actual cochlea is surrounded by the temporal bones. The 
end of the cochlear aqueduct was set to be the “outlet”. The pressure of the lymph at the outlet was 
fixed as zero. 
4.2.2 Calculation scheme 
Newton’s equation was used to solve the structural part and the Navier-Stokes equation was used to 
solve the fluid part. The time accuracy was solved by the 2nd order of the Crank-Nicolson in Eq. 
4.3. A blending factor, 𝛽, of 0.5 produces pure Crank-Nicolson differencing and a blending factor 
of 1.0 produces a pure backward Euler. In this study, the default value of the blending factor (𝛽 =
0.6) was used. 
 
𝑓𝑛
𝑛+1 − 𝑓1
𝑛
∆𝑡
= 𝑘 (𝛽
𝑓𝑖+𝑗
𝑛+1 − 2𝑓𝑖
𝑛+1 + 𝑓𝑖−1
𝑛+1
∆𝑥2
+ (1 − 𝛽)
𝑓𝑖+1
𝑛 − 2𝑓𝑖
𝑛 + 𝑓𝑖−1
𝑛
∆𝑥2
) (4.3) 
where,  
 
𝑘: the diffusion coefficient, 𝑛: the timestep, 
𝑖: the current cell in which the computation is being performed for variable 𝑓.  
In this study, linear analysis is used assuming Hooke's law in the vibration system because 
the strain of the BM is small. 
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4.3 Assessments of the model 
Vibration of the cochlea has been measured in temporal bones because the human active cochlea is 
easy to damage and is difficult to measure in-vivo. The passive model, which does not consider the 
activity of the OHC was verified by comparison between the measurement results [5] [6] [7] [67] 
[68] and those obtained from the model. The BM of the model was assumed to be of an orthotropic 
elasticity material, and the Young’s modulus of the longitudinal direction of the BM, EY, was set to 
be one-hundredth (0.02 MPa) or one-half (1 MPa) to those of the other directions (2 MPa). Both 
models using a different EY were assessed. 
4.3.1.1 Distribution of the Characteristic frequency 
The vibration of the BM by sound transmission from the middle ear was calculated by applying 
pressure to the stapes head of the model. The load of sound pressure, which was 105 dB SPL at the 
stapes-head, was applied. The pure-tone frequencies of 125 Hz, 250 Hz, 500 Hz, 1 kHz, 2 kHz, 4 
kHz and 8 kHz were selected because these frequencies are widely used in hearing screening. One 
cycle of the stimulus was divided into 20 timesteps, and time domain analyses were performed using 
CFD-ACE+ software (ESI Group).  
Figure 4.3.1 shows the time courses of the traveling wave respectively, which were 
generated on the BM by applying the sound pressure of 250 Hz, 1 kHz and 2 kHz to each model. 
The horizontal axis shows the proportional distance from the base of the BM. The vertical axis shows 
the displacement in the direction perpendicular to the BM surface. The envelope of the BM vibration 
shows a spindle shape. The maximum amplitudes by each frequency of stimulus were almost same 
regardless of the value of EY. The position where the traveling wave reached its maximum amplitude 
changed according to the stimulus frequency. The result of low frequency, i.e., 250 Hz, shows the 
maximum amplitude at the apical side of the BM (Fig. 4.3.1 (a) and (d)). On the other hand, the 
result of 1 kHz and 2 kHz show the maximum amplitude at the more basal side than that of 250 Hz 
(Fig. 4.3.1 (b)~(c) and (e)~(f)). The relationships between the frequency of the sound pressure and 
the location of the maximum displacement of the BM obtained from the models were compared with 
the approximated curve of the CF distribution by Greenwood [7] (Fig. 4.3.2). The CF distributions 
obtained from each model are slightly different; however, their tendencies were the same with the 
approximated curve regardless of the value of EY. 
4.3.1.2 Velocity ratio of the BM to the stapes footplate 
Stenfelt et al. measured the velocity at the footplate of the stapes, the Vfootplate and the velocity of the 
BM at CF position of 2 kHz, VBM simultaneously [5]. The relationship between the magnitude of 
the stimulus and the amplitude of the BM were evaluated by comparing the velocity ratio, and the 
VBM/Vfootplate obtained from the calculation with the measured value. The results of each model are 
shown in Fig. 4.3.3. The results obtained from each model had almost the same value when the 
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sound stimulus was under 2 kHz. The results obtained from each model show a similar tendency to 
the measurement results regardless of the value of EY. 
4.3.1.3 Cochlear input impedance and round window impedance 
The cochlear input impedance, Z𝐶 (Eq. 4.5) and the round window impedance, Z𝑅𝑊 (Eq. 4.6) 
were measured in the human temporal bones [6] [67] [68]. 
 Z𝐶 =
𝑃𝑆𝑉
𝑈𝑓𝑜𝑜𝑡𝑙𝑝𝑎𝑡𝑒
. (4.5) 
 Z𝑅𝑊 =
𝑃𝑆𝑇
𝑈𝑅𝑊
. (4.6) 
Here, 𝑃𝑆𝑉 is the pressure in the scala vestibuli which is close to the oval window, and the 𝑈𝑓𝑜𝑜𝑡𝑙𝑝𝑎𝑡𝑒 
is the volumetric velocity at the stapes footplate. 𝑃𝑆𝑇 is the pressure in the scala tympani which is 
close to the round window, and 𝑈𝑅𝑊  is the volumetric velocity of the round window. Each 
volumetric velocity was calculated by multiplying each of the velocities to each of the areas. 
The result of Z𝐶 is shown in Fig. 4.3.4, and Z𝑅𝑊 is shown in Fig. 4.3.5. The absolute 
values of Z𝐶 obtained from the models were larger than those obtained from the measurements. 
The motion of stapes is considered different depending on the stimulus frequency, e.g., the piston-
like motion at low frequencies and the rocking motion at high frequencies. Thus, the volumetric 
velocity calculated by multiplying the area to the velocity might be different than the actual 
volumetric velocity. The velocity of the stapes footplate also varies by the direction of the velocity 
measurement due to complications of the motion of the stapes. Although the absolute values of Z𝑅𝑊 
obtained from the models were smaller than those obtained from the measurements at high 
frequencies, Z𝑅𝑊 obtained from the models showed a similar tendency with the measurement. 
4.3.1.4 Discussion 
The vibrations of the BM obtained from each model using a different EY (Fig. 4.3.1) were almost 
the same and were matched with the CF distribution by Greenwood (Fig. 4.3.2). These results 
suggest that the passive cochlear models represent the vibrations of the BM properly regardless of 
the EY. Although the absolute values of the Z𝐶 and Z𝑅𝑊 obtained from the models were out of the 
range of the measurement values at some frequencies, the Z𝐶 and Z𝑅𝑊 obtained from the models 
had similar tendencies with the measurement results. The absolute values of the Z𝐶 and Z𝑅𝑊 can 
be changed by modifying the unclarified mechanical properties of the round window and the oval 
window. 
  
 
 
Assessments of the model 
Chapter 4 
52 
 
(a)    (d)  
 
 
  
 
(b)   (e)  
 
 
  
 
(c)   (f)  
 
 
  
 
 
Fig. 4.3.1 Time course of the vibration of the BM obtained from each model.  
(a) ~ (c) show the results when the EY was 0.02 MPa. (d) ~ (f) show the results when the EY was 
1 MPa. The applied frequencies were 250, 1000 and 2000 Hz.  
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Fig. 4.3.2 CF distribution obtained from each model. Distance from the base was normalized 
by BM length.  
The solid line is the measurement result by Greenwood [7]. 
 
 
 
Fig. 4.3.3 Relationship between the frequency and the velocity of the BM normalized by the 
velocity of the stapes-footplate.  
The solid line is the measurement result by Stefan et al. [5]. 
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Fig. 4.3.4 Relationship between the cochlear input impedance and the frequency obtained from 
each model.  
The solid line, the dashed line and the dotted line are the measurement results [6] [68] [67].  
 
 
 
Fig. 4.3.5 Relationship between round window impedance and the frequency obtained from 
each model.  
The solid line is the measurement result by Nakajima et al. [6].
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Chapter 5 
Formulation of the activity of the sensory 
hair cells 
The sensory hair cells, i.e., the OHCs and the IHCs, have an important role under 
physiological conditions. The activity of the OHCs amplifies the vibration of the BM. The 
IHCs transduce the vibration to electrical signals and the vibration is transmitted to the brain 
via auditory nerves. The activity of the sensory hair cells in the human is difficult to measure 
in-vivo. In this study, the activity of the OHCs was formulated from the measurements of 
the OAEs, which are one of the acoustic phenomena generated in the active cochlea. The 
mechano-electrical transduction in the IHC was modeled and the changes of the membrane 
potential and Ca2+ concentration were investigated. The ionic current model of the IHCs and 
the FE-model of the active cochlea were combined and the hearing mechanism from the 
mechanical vibration to release of neurotransmitters by increase of the Ca2+ concentration 
was represented. The cochlear output caused by the sound stimuli was estimated by the 
changes of the Ca2+ concentration. 
 
5.1 Activity of the outer hair cells (OHCs)  
5.1.1 Non-linearities of the OHCs and otoacoustic emissions (OAEs) 
The phenomenon of sound being emitted from the intact active cochlea, which is called otoacoustic 
emissions (OAEs), was first reported by Kemp in 1978 [72]. OAEs have recently been used as an 
objective assessment of the cochlear function because the measurement of OAEs is simple and is 
non-invasive. OAEs are categorized into spontaneous OAEs, which are generated regardless of a 
sound stimulus, and evoked OAEs, which are generated by a sound stimulus. Distortion-product 
otoacoustic emissions (DPOAEs) are one of the evoked OAEs. DPOAEs are one type of acoustic 
phenomena which generated the distortion components m𝑓1 ± 𝑛𝑓2  (here, m  and 𝑛  are 
constants) when the cochlea was simultaneously stimulated by two pure tones with different 
frequencies, f1, f2. DPOAEs are considered an intermodulation distortion which is produced by the 
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non-linear activity of the OHC and inversely emitted from the cochlea.  
The non-linear activity of the mammalian OHC has been investigated experimentally, e.g., 
its transfer function between the current and stereocilia bundle deflection is shown as a sigmoid-
shaped Boltzmann function [73] [74]. Intermodulation distortion is generated when a complex signal 
is applied in a nonlinear system and is a general acoustic phenomenon, e.g., distortion of the speaker. 
Distortion components 𝐦𝒇𝟏 ± 𝒏𝒇𝟐 are generated when a complex tone, 𝐱 (Eq. 5.1) is applied in 
a nonlinear system, g(𝐱), which is approximated by a power series (Eq. 5.2).  
 x = 𝑎 cos(2𝜋𝑓1𝑡) + b cos(2𝜋𝑓2𝑡). (5.1) 
 g(x) = A + Bx + C𝑥2 + D𝑥3 + E𝑥4 + F𝑥5 ⋯. (5.2) 
Each order of the distortion component is generally generated by a different degree term of the 
nonlinear function, i.e., the N-order (here, N is an integer number) of distortion components are 
generated by the N-degree term of the function (Table 5.1.1). The coefficient of each distortion 
component is shown in Table 5.1.2. Therefore, a nonlinear function of the OHCs can be formulated 
based on the levels of each distortion component obtained from measurement of the DPOAEs. 
 
 
Table 5.1.1 Each order of distortion component generated by each degree term of the function. 
 
degree 
term 
distortion components m𝑓1 ± 𝑛𝑓2 
1st  𝑓1, 𝑓2 
2nd 2𝑓1, 2𝑓2, 𝑓1 ± 𝑓2 
3rd 3𝑓1, 3𝑓2, 2𝑓1 ± 𝑓2, 𝑓1 ± 2𝑓2 
4th 4𝑓1, 4𝑓2, 2𝑓1 ± 2𝑓2, 3𝑓1 ± 𝑓2, 𝑓1 ± 3𝑓2 
5th 3𝑓1, 3𝑓2, 2𝑓1 ± 𝑓2, 𝑓1 ± 2𝑓2, 5𝑓1, 5𝑓2, 2𝑓1 ± 3𝑓2, 3𝑓1 ± 2𝑓2, 4𝑓1 ± 𝑓2, 𝑓1 ± 4𝑓2 
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Table 5.1.2 Coefficient of each distortion component. 
 
  1st 2nd 3rd 
𝑓1 𝑎   
3𝑎(𝑎2 + 𝑏)
4
 
𝑓2 𝑏   
3𝑎(𝑎 + 𝑏2)
4
 
2𝑓1,   
𝑎2
2
   
2𝑓2   
𝑏2
2
   
𝑓1 ± 𝑓2   𝑎𝑏   
3𝑓1     
𝑎3
4
 
3𝑓2     
𝑏3
4
 
2𝑓1 ± 𝑓2     
3𝑎2𝑏
4
 
𝑓1 ± 2𝑓2     
3𝑎𝑏2
4
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5.1.2  Measurements of distortion product otoacoustic emissions 
(DPOAEs) 
5.1.2.1 Development of the otoacoustic emissions measurement system 
DPOAE is used as objective screening for cochlea function in clinical situations because the level 
of 2f1-f2 component, which is the most stably observed in humans, is correlated with the hearing 
level of frequency 𝑓2. The distortion product (DP) components are observed with a probe inserted 
into the ear canal. The level of DP component recorded at the ear canal is extremely low, i.e., 
approximately one-thousandth to the applied sound pressure, and it is difficult to distinguish from 
the noise in the ear canal. Thus, DPOAEs are difficult to detect when the measurements are 
conducted in noisy environments or in subjects with low DP levels. Although the detection ratio of 
the other DP components, e.g. 3f1-2f2, 2f2-f1, at the ear canal is low when the signal-noise (S/N) ratio 
is low, the components are also generated in the cochlea by a nonlinear function of each OHC. The 
nonlinear activity of the OHCs could be approximately formulated as a power series based on the 
each measured DP component. In this study, a measurement system (Fig. 5.1.1) with a high S/N 
ratio was developed to record each of the DP components adequately. The measurement system 
consists of a probe composed of two transducers and one microphone (ER-10C, Etymotic Research), 
an AD/DA converter (USB-6251, National Instruments) and a PC. The software created in 
LabVIEW (Ver. 2018, National Instruments) was used for both measurements and data analyses. 
The recorded data was generally analyzed by the fast Fourier transformation (FFT) and the levels of 
each DP component were detected. The analyzed data was generally averaged in the frequency 
domain to reduce the noise level. In our system, the data was averaged in the time domain by 
considering the frequency stability of the DP components. In addition, the number of averaging, 
time window length and frequency resolution were set to detect the exact frequency of each DP 
component and reduce the noise level. 
5.1.2.2 Measurement methods  
DPOAEs were measured in 4 normal-hearing subjects, i.e., 2 females and 2 males in their 20s. Not 
only the third-order DP component, which is usually investigated in clinical situations, but also 
second-order, fourth-order and fifth-order components were investigated. The second-order (f2-f1) 
and the fourth-order (3f1-f2) DP components were selected for comparison between even-order and 
odd-order DP. Both lower sidebands (2f1-f2) and the upper sideband (2f2-f1) of the third-order DP 
component were measured. Those DP levels were measured by varying the frequency f2/f1, because 
several studies [75] [76] showed that the optimum frequency ratio f2/f1 of the stimuli varied for each 
DP component. DPOAEs were measured by sweeping frequency f1 with ranging from 400 Hz to 
7200 Hz in 400 Hz steps. The frequency f2 was varied corresponding to a frequency ratio f2/f1 of 1.1, 
1.2 or 1.3. The sound pressure levels for f1 and f2 were set to the same value, i.e., 𝑎 = 𝑏 (Eq. 5.1). 
The sound pressure level was set to range from 10 dB to 65 dB SPL in 5 dB steps to measure the 
input/output (I/O) function. The DP components, when the frequency ratio f2/f1 was 1.3, was only 
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measured with a stimulus of 60 dB SPL. Each measurement was done 2 times for assessment of 
reproducibility. The number of averaging was set to 40 in all measurements. Window length was set 
to 0.5 s, i.e., frequency resolution as 2 Hz, and the sampling rate was set to 1 MHz in the all 
measurements. The DP component produced by the system itself was evaluated by measuring 
DPOAEs by inserting the probe into a 2 cc cylinder with one end closed.  
5.1.2.3 Measurement results 
Figure 5.1.2 shows the levels of the frequency components obtained from the 2 cc cylinder and a 
subject when complex tone (f1=3600 Hz) was applied. The measurement result obtained using the 
cylinder is shown in Fig. 5.1.2 (a). Because DP components could not be generated in the cylinder, 
the combination tone of the stimulus frequencies (f1+f2) and the harmonic tones of stimulus 
frequencies were produced by the measurement system itself. The levels of the other frequency 
components were smaller than -20 dB SPL (the red dotted line in Fig. 5.1.2 (a)). Thus, a baseline for 
estimating whether the level of each DP component was sufficient for detection was determined as 
-20 dB SPL. On the other hand, the third-order DP component 2f1-f2 was detected in the subject 
regardless of the frequency ratio f2/f1. The fifth-order distortion component (3f1-2f2) was detected 
when the frequency ratio f2/f1 was 1.1 or 1.2. The other DP components, i.e., 2f2-f1 and 4f1-3f2, were 
generated when the frequency ratio f2/f1 was 1.1. By contrast, even-order distortion components (i.e., 
f2-f1, 3f1-f2) were not detected regardless of the frequency ratio f2/f1. 
The DP-grams, i.e., the change of DP level by sweeping the frequency, was obtained from 
two subjects as shown in Fig. 5.1.3. The dotted line shows the noise floor, which was calculated by 
averaging the level of the frequency area (DP component plus/minus 100 Hz). The levels of even-
order DP components were almost the same as the noise floor regardless of stimulus frequency f1 
(Fig. 5.1.3 (a)~(b) and (e)~(f)). The levels of the third-order DP components were larger than the 
noise floor level regardless of the frequency f1 (Fig. 5.1.3 (c)~(d)). The levels of the fifth-order DP 
components were larger than the noise floor level at a specific range of the frequency f1 (Fig. 5.1.3 
(g)~(h)). The range of frequency f1 was different between the subjects. The odd-order DP 
components were detected and the even-order DP components were not detected in all subjects. 
Generation of the DP components higher than third-order had different tendencies between subjects. 
These results suggest existence of individual differences of the nonlinear cochlear function. 
The DP-grams with varying f2/f1 are shown in Fig. 5.1.4 and Fig. 5.1.5 when 60 dB SPL of 
the stimulus was applied. Third-order DP-grams are shown in Fig. 5.1.4. The DP levels of 2f1-f2 were 
larger than the noise floor in all frequencies regardless of the frequency ratio f2/f1 and were especially 
large when f2/f1 was 1.2. The DP levels of 2f2-f1 were larger than the noise floor in low frequencies 
under 4 kHz and decreased with an increase of f2/f1. Each coefficient of the third-order DP, i.e., 2f1-
f2 and 2f2-f1, is theoretically the same as shown in Table 5.1.2 when sound pressure levels of f1 and 
f2 were the same. However, the DP levels of 2f2-f1 were smaller than those of 2f1-f2 in measurement. 
These results suggest that OHCs which generate each DP component were different and had different 
non-linear functions. Koike et al. reported the relationship between the retrograde pressure gain of 
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the middle ear and the frequency [77]. The higher frequency had the higher minus retrograde 
pressure gain. Thus, the upper sideband of the DP component is more difficult to detect than the 
lower sideband of DP. Second and fifth-order DP-grams are shown in Fig. 5.1.5. The DP levels of 
f2-f1 had almost the same level as the noise floor in all frequencies regardless of f2/f1. The DP levels 
of 3f1-2f2 were larger than noise floor in all frequencies when f2/f1 was 1.1. These results of 2f1-f2, 
2f2-f1 and 3f1-f2 had similar tendencies with the previous studies of optimal frequency ratio for each 
DP component [75] [76].  
The I/O functions, i.e., change the DP level with specific frequency, with varying f2/f1 are 
shown in Fig. 5.1.6 and Fig. 5.1.7. The DP levels became larger with an increase in the sound 
pressure level of the stimulus and saturated. The I/O functions of the 2f1-f2 component measured in 
all ears were included in the normal range of the previous study [78]. The DP levels of the 2f1-f2 
component were more detectable when the frequency ratio f2/f1 was 1.2 and the other components 
were more detectable when the frequency ratio f2/f1 was 1.1. The I/O functions of each DP 
component showed different saturation tendencies.  
These measurement results had reproducibility in the same subject. The DP-grams and the 
I/O functions suggest the number of the order of the generated DP component, individual differences 
in the non-linear activities of the OHCs, and differences in the ease of saturation depending on the 
frequencies.   
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Fig. 5.1.1 Experimental setup for measuring DPOAEs. 
 
 
(a) (b) 
  
(c) (d) 
  
 
Fig. 5.1.2 Levels of the frequency components obtained by DPOAEs measurement when 
stimulus (f1=3600 Hz, 60 dB SPL) was applied.  
Measurement results in (a) 2 cc cylinder and in (b) ~ (d) subject 2. (b) f2/f1=1.1, (c) f2/f1=1.2, (d) 
f2/f1=1.3.  
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
  
(g) (h) 
  
Fig. 5.1.3 DP-grams obtained from subject 2 and subject 3 when stimulus of 60 dB SPL was 
applied.  
(a)~(b):2nd order, (c)~(d):3rd order, (e)~(f):4th order and (g)~(h);5th order of DP.  
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(a) (d) 
  
(b) (e) 
  
(c) (f) 
  
 
Fig. 5.1.4 Third order of DP-gram in subject 2 when stimulus of 60 dB SPL was applied.  
(a)~(c) show the results of the lower sideband (2f1-f2). (d)~(f) show the results of the lower 
sideband (2f2-f1). (a) and (d) f2/f1=1.1, (b) and (e) f2/f1=1.2, (c) and (f) f2/f1=1.3. The dotted line 
shows the noise floor, which was calculated by averaging the level of the frequency area (DP 
component plus/minus 100 Hz).  
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Fig. 5.1.5 Second order and fifth order of DP-gram in subject 2 when stimulus of 60 dB SPL 
was applied. 
(a)~(c) show the results of the second order of DP (f2-f1). (d)~(f) show the results of the fifth order 
of DP (3f1-2f2). (a) and (d) f2/f1=1.1, (b) and (e) f2/f1=1.2, (c) and (f) f2/f1=1.3. The dotted line 
shows the noise floor. 
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Fig. 5.1.6 I/O function in subject 2 when stimulus (f1=1600 Hz) was applied.  
(a)~(c) f2/f1=1.1, (d)~(f) f2/f1=1.2. (a) and (d) 2f1-f2 component, (b) and (e) 2f2-f1 component, (c) 
and (f) 3f1-2f2 component. The dotted line shows the noise floor. 
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Fig. 5.1.7 I/O function in subject 2 when stimulus (f1=3600 Hz) was applied. 
(a)~(c) f2/f1=1.1, (d)~(f) f2/f1=1.2. (a) and (d) 2f1-f2 component, (b) and (e) 2f2-f1 component, (c) 
and (f) 3f1-2f2 component. The dotted line shows the noise floor. 
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5.1.3 Formulation of the excitation force of the OHC 
DPOAEs are generated by the nonlinear force of the OHCs, and those frequencies and levels depend 
on the shape of the curve of the force [79]. Although the force curve of the OHC is assumed to be a 
function of the movement of the sterocilia with saturation, its symmetry around the operating point 
has not been clarified [80]. One of the non-linear activities measured in the mammalian OHC was 
shown as a sigmoid-shaped Boltzmann function [73] [74]. A sigmoid function has both saturability 
and asymmetry around the operating point and is approximated with even-degree terms and odd-
degree terms by Maclaurin expansion around the operating point (Eq. 5.3). By contrast, a nonlinear 
function including both saturability and symmetry around the operating point, e.g., the arctangent 
function, is approximated with only odd-degree terms (Eq. 5.4). An arctangent function represents 
asymmetry by shifting the operating point. 
 𝑠𝑖𝑔𝑚𝑜𝑖𝑑(𝑥) = 
1
1+𝑒−𝑥
=
1
2
+
1
4
𝑥 +
1
8
𝑥2 +
1
16
𝑥3 + ⋯. (5.3) 
 𝑎𝑟𝑐𝑡𝑎𝑛(𝑥) = 𝑥 −
1
3
𝑥3 +
1
5
𝑥5 −
1
7
𝑥7 + ⋯. (5.4) 
Each order of the DP component is generally generated by a different degree term of a 
nonlinear function which is approximated by a power series. The nonlinear force of OHC was 
formulated by the DP components measured in 5.1.2. According to the measurement results, the 
odd-order of DP components were generated and the even-order of DP were not detected. However, 
the even-order of the DP component has been measured in animal OHCs, e.g., mice [81] and frogs 
[82]. In this study, the excitation force of the OHC, POHC𝑖 was formulated as a function of velocity 
of the BM, VBM with using the arctangent function (Eq. 5.5). Even though the even-order of the 
distortion components were not detected in our measurement, the effects of asymmetry around the 
operation point were investigated by shifting the arctangent function, i.e., the symmetry function: 
POHC1, asymmetry function; POHC2.  
 POHC𝑖 = 𝑎𝑖(y)𝑏(y)[tan
−1{−𝛽𝑖 + 𝑐(y)VBM} + tan
−1(𝛽𝑖)]   (5.5) 
where, 𝑖 = 1， 𝑎1(y) = 13.5 − 180z, 𝛽1 = 0，  
  𝑖 = 2， 𝑎2(y) = 60 − 360z，𝛽2 = 2，  
   𝑏(y) = cos(0.436 + 10.9y)，  
   𝑐(y) = 7200 − 20400y.  
Here, 𝑎𝑖(y), 𝑏(y), 𝑐(y) are functions of the distance from the base of the BM, y (0 ≤ y ≤ 32). 
Each function represents different characteristics of the OHCs at each location of the BM and is 
determined based on the measurement of a guinea pig’s isolated OHC (Fig. 5.1.8). 𝑎𝑖(y) shows 
that the generative force of the OHC at the basal side is smaller than the apical side [83] [84]. 𝑏(y) 
shows that the angle between the BM and the OHC is 25° at the base of BM and 45° at the apex of 
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BM [22], and 𝑐(y) shows the difference in the saturation curve of the generative force according 
to the position on the BM. Here, the generative force at the basal side is assumed to be easier to 
saturate than the apical side [85]. Figure 5.1.9 shows an example of POHC𝑖 at different places on the 
BM. The generative force and the ease of saturation are different at each place on the BM. POHC𝑖 
was applied to the portion of the surface of the BM that has a constant width along the longitudinal 
direction as shown in Fig. 5.1.10 because the diameters of the OHCs are constant on the BM. 
 
 
 
 
Fig. 5.1.8 Functions of distance from the base which express characteristics of OHCs based on 
measurements of a guinea pig’s isolated OHC [22] [83] [84] [85]. 
 
 
 
 
Fig. 5.1.9 Examples of POHC1 at CF location of 1 kHz and 4 kHz. 
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Fig. 5.1.10 Top view of the human cochlear FE-model and the area where excitation force POHCi 
was applied. 
 
5.1.4 Assessments of the formulated activity of the OHCs  
The active model which considers the activity of the OHCs was compared with both DPOAEs 
measured in normal-hearing humans and the amplification gain measured in guinea pigs [86] [87]. 
The effect of the symmetry of the activity was also evaluated. 
5.1.4.1 Symmetry of the excitation force of the OHCs 
The vibration of the BM by applying a pure-tone of 2 kHz was calculated in each active model 
respectively and compared between the models (Fig. 5.1.11). The sound pressure of 105 dB SPL at 
the stapes-head was applied. Both of the envelopes of the time courses show a spindle shape; 
however, the time course showed a dissymmetric spindle shape when the asymmetry excitation force 
POHC2 was introduced. 
The generation of the distortion components by non-linear symmetry function, POHC1 and 
non-linear asymmetry function, POHC2  were compared in Fig. 5.1.12. A complex signal (L1 
sin(2πf1t)+L2 sin(2πf2t), here L1- L2 = 10 dB, f2/f1 =1.2 and f2 = 2 kHz) was applied to each function. 
Odd-order DP components showed almost the same level regardless of the symmetry of the function. 
By contrast, the levels of even-order DP components were larger when the asymmetry function was 
introduced than that when the symmetry function was introduced. 
The DPOAE was simulated by applying a complex tone (f2 = 2 kHz, f2/f1 = 1.2) to the 
stapes head of each active model. The sound pressure levels for f1 and f2 were set to 105 dB SPL and 
95 dB SPL respectively at the stapes-head. The levels of frequency obtained from CF location of f2 
on the BM in each model are shown in Fig. 5.1.13. Even-order DP components were only generated 
in the active model which introduced the asymmetry excitation force, POHC2. Thus, the symmetry 
force using the arctangent function, POHC1  (from now on notated as POHC) was adequate for 
representing the activity of human cochlea because the even-order DP components were not detected 
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in our measurements in normal-hearing subjects. 
5.1.4.2 Vibration of the BM and amplification gain of OHCs 
The vibration of the BM by applying sound pressure, which was 105 dB SPL at the stapes-head, was 
calculated in the active model which introduced the non-linear excitation force of POHC. The pure-
tone frequencies of 125 Hz, 250 Hz, 500 Hz, 1 kHz, 2 kHz and 4 kHz were applied. One cycle of 
the stimulus was divided into 20 timesteps. The results are compared between the models with 
different Young’s modulus of the longitudinal direction of the BM, EY (Fig. 5.1.14). The envelope 
of the BM vibration shows a spindle shape. The maximum amplitudes by stimulus were larger when 
EY was 0.02 MPa than when EY was 1 MPa. The CF distributions of each model are shown in Fig. 
5.1.15. The CF distributions obtained from each model are slightly different; however, the 
distributions approximately matched with the approximated curve. 
The vibration of the BM is amplified by POHC. The amplification gain, i.e., the ratio of the 
perpendicular displacement of the BM of the active model to that of the passive model, was 
calculated at each frequency by Eq. 5.6. 
 gain = 20 log
𝑍𝑎𝑐𝑡𝑖𝑣𝑒
𝑍𝑝𝑎𝑠𝑠𝑖𝑣𝑒
 (5.6) 
where, 𝑍𝑎𝑐𝑡𝑖𝑣𝑒: the maximum displacement of BM at the active model, 𝑍𝑝𝑎𝑠𝑠𝑖𝑣𝑒: the maximum 
displacement of BM at the passive model. 
The displacement of the BM at the CF location in the active model was obtained to 
compare the measurement values obtained from the guinea pigs [86] [87]. The amplification gain 
when the pure tone of 105 dB SPL at the stapes-head was applied is shown in Fig. 5.1.16. The 
amplification gain became large with increasing frequency. This is because the excitation force POHC 
was determined larger on the basal side, where the CF of high frequency is located, than on the 
apical side, where the CF of low frequency is located, based on the measurements of the isolated 
OHCs in guinea pigs [83] [84] [86] [87]. The maximum amplification factor obtained from the 
model was over 40 dB at 4 kHz. The amplification gain in the guinea pig was 40 to 60 dB at a CF 
location of higher than 4 kHz [86] [87]. However, the audible range is different between humans (20 
to 20000 Hz) and guinea pigs (50 to 50000 Hz). Thus, it is hard to compare the amplification gain. 
Therefore, it is necessary to verify the activity of the OHC by comparing an indicator of the activity 
in the human cochlea such as OAEs. 
5.1.4.3 Comparison of the features of DPOAEs  
DPOAEs obtained from numerical analysis using the finite-element model of the human cochlea 
including POHC were compared with the measurements of DPOAEs in 5.1.2 and the validity of the 
POHC was evaluated. The optimal frequency ratio f2/f1 of each DP component and features of the I/O 
function (e.g. ease of saturation) were compared. DPOAEs were simulated by applying a complex 
tone (L1sin(2πf1t) + L2sin(2πf2t)) to the stapes head of the model. The DP components are generated 
 
 
Chapter 5 
Activity of the outer hair cells (OHCs) 
71 
on the vibration of the BM by the POHC, and are considered to be transmitted to the stapes via lymph 
flow. Thus, the components are obtained on the BM and the stapes footplate of the model. 
(1) Frequency ratio f2/f1 
Sound pressure levels of L1 and L2 were set to 105 dB SPL at the stapes-head. The frequency of 
stimulus f2 was set to 1 kHz, 2 kHz, or 4 kHz. The frequency ratio f2/f1 was determined to be 1.1, 
1.2, or 1.3. The distributions of POHC and the vibration amplitudes of the lower sideband DPOAE 
(2f1-f2 and 3f1-2f2) and the upper sideband DPOAE (2f2-f1 and 3f2-2f1) on the BM were obtained by 
changing f2/f1 and f2 (Fig. 5.1.17).  
The vibration amplitudes of each DP component on the BM when frequency f2 was 2 kHz 
are shown in Fig. 5.1.18. Amplitudes of a low order of DP components (i.e., 2f1-f2 and 2f2-f1) were 
bigger than the amplitudes of a high order of DP components (i.e., 3f1-2f2 and 3f2-2f1). The 2f1-f2 
components had a maximum value at around its CF location (Fig. 5.1.18). The upper sideband 
DPOAEs had a maximum value around the CF location of stimuli (Fig. 5.1.19). Distributions of 
POHC on the BM when frequency f2 was 2 kHz are shown in Fig. 5.1.20. POHC showed a maximum 
level around the CF location of f2. Both the CF location of each DP component and the level of POHC 
at each of the CF locations were changed depending on f2/f1. The relationship between the level of 
POHC and each DP component on the BM with varying f2/f1 is shown in Fig. 5.1.21. The level of the 
DP component and POHC were increased with a decrease of distance between the CF location of f2 
and the DP component. The f2/f1 obtaining the largest amplitudes of 2f1-f2 and 2f2-f1 on the BM of 
the model was 1.1, unlike most of the measurement results [75] [76] where the optimum f2/f1 for 2f1-
f2 was about 1.2 and the optimum f2/f1 for 2f2-f1 was about 1.1. 
The difference between the location of peaks of lower sideband DPOAEs and upper 
sideband DPOAEs suggests that each sideband DPOAE is generated in a different area of the BM 
(Fig. 5.1.18 and Fig. 5.1.19). The reason why optimum f2/f1 for maximum amplitude on BM was 
constantly low (f2/f1=1.1) is because the distance between the CF location of each DP component 
and f2 was close and POHC was big enough to generate DPOAE (Fig. 5.1.20 and Fig. 5.1.21). These 
results suggest that the area where the OHCs exert enough excitation force to generate each sideband 
of DPOAE, i.e., contributing area, exists between the CF location of each DPOAE and that of stimuli 
frequency. The reason for this effect by the stimulus frequency ratio f2/f1 on the generation of each 
DPOAE on the BM is because the contributing area of the OHCs was changed depending on the 
relationship between the location of the peak of POHC and the CF location of each DPOAE.  
(2) I/O function 
The frequency f2 of 2 kHz and the frequency ratio f2/f1 of 1.2 were used. The sound pressure levels 
for f1 and f2 were set to the same. The sound pressure level was set to range from 75 dB to 135 dB 
SPL in 10 dB steps to measure the input/output (I/O) function.  
If the anterograde and retrograde pressure gains of the middle ear are assumed to be 
constant at a certain frequency regardless of sound pressure, features of the I/O function (e.g., ease 
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of saturation) obtained at the stapes footplate of the model are considered to be comparable to that 
measured in the human ear. The pressure transmission gain of the middle ear is approximately 45 
dB considering the area ratio of the tympanic membrane to the stapes-footplate as the lever ratio. 
The reverse middle-ear transfer function in guinea pig [88] and gerbil [89] was measured and the 
reverse gain of the intracochlear DP component to the DP component at the ear canal was assumed 
to be approximately -35 dB regardless of the frequency. In addition, the I/O function of POHC 
obtained at the BM of the model where POHC showed maximum value was similar to that obtained 
from the stapes footplate (Fig. 5.1.22). Therefore, rigorous formulation of POHC by comparing the 
I/O function of each distortion component between the measurement and numerical analysis is 
possible. Those transmission gains should be considered for comparison between the I/O function 
obtained from measurements (Fig. 5.1.6) and the stapes-footplate of the model (Fig. 5.1.22 (a)). 
When the I/O function obtained from the model is translated, the I/O function could approximately 
match with the I/O function of the measurement. 
5.1.4.4 Summary of the assessment  
The validity of the POHC was evaluated approximately by the amplification gain of the vibration of 
the BM (Fig. 5.1.15), the order of generated DP components and symmetry (Fig. 5.1.12), and the 
ease of saturation of the I/O functions of DPOAEs (Fig. 5.1.22). However, the anterograde and 
retrograde pressure gains of the middle ear should be considered to quantitatively compare the 
measurements results of the I/O functions of the DPOAEs. 
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(a) 
 
(b) 
 
 
Fig. 5.1.11 Time course of vibration of BM obtained using each various excitation force POHCi.  
Applied frequency was 2 kHz.  
 
(a) 
 
(b) 
 
 
Fig. 5.1.12 Generation of distortion components by (a) non-linear symmetry function and (b) 
non-linear asymmetry function.  
A complex signal (L1 sin(2πf1t)+L2 sin(2πf2t), here L1- L2 = 10 dB, f2/f1 =1.2 and f2 = 2 kHz) was 
applied to each function.   
0 0.5 1
–8
–4
0
4
8
proportional distance from the base
d
is
p
la
ce
m
en
t 
o
f 
th
e 
B
M
 (
n
m
)
2 kHz
active POHC1
0 0.5 1
–8
–4
0
4
8
proportional distance from the base
d
is
p
la
ce
m
en
t 
o
f 
th
e 
B
M
 (
n
m
)
2 kHz
active POHC2
 
 
Activity of the outer hair cells (OHCs) 
Chapter 5 
74 
 
(a) 
 
(b) 
 
 
Fig. 5.1.13 The level of frequency obtained from CF location of f2 at the BM.  
A complex tone (L1 sin(2πf1t)+L2 sin(2πf2t), here L1- L2 = 10 dB, f2/f1 =1.2 and f2 = 2 kHz) was 
applied to (a) the model introducing POHC1 and (b) the model introducing POHC2 respectively. 
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(a)    (b)  
 
 
  
 
(c)   (d)  
 
 
  
 
(e)   (f)  
 
 
  
 
 
Fig. 5.1.14 Time course of vibration of BM obtained using various cochlear models. 
Applied frequencies were 250, 1000 and 2000 Hz. (a) ~ (c) EY=0.02 MPa, (d) ~ (f) EY=1 MPa. 
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Fig. 5.1.15 Characteristic frequency map obtained using various cochlear models.  
Distance from base was normalized by BM length. The solid line is the measurement result 
obtained by Greenwood [7]. 
 
 
 
Fig. 5.1.16 Amplification gain of the displacement of the BM by activity of the OHC. 
Pure tone of 105 dB SPL at the stapes-head was applied. 
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Fig. 5.1.17 Procedure of data analysis.  
(a) Vibration of the BM when complex tone (f2=2 kHz, f2/f1=1.2) was applied. (b) Displacement 
of the vibration of the BM at one point. (c) Result of FFT analysis of (b). (d) Distribution of POHC 
and the vibration amplitudes of each component of DPOAE on the BM. The vertical lines 
represent the CF locations of each component on the BM. 
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Fig. 5.1.18 Vibration amplitudes of lower sideband DPOAEs on the BM. 
Frequency f2 was 2 kHz and frequency ratio f2/f1 was (a) 1.1, (b) 1.2 and (c) 1.3. 
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(a) 
 
(b) 
 
(c) 
 
 
Fig. 5.1.19 Vibration amplitudes of upper sideband DPOAEs on the BM. 
Frequency f2 was 2 kHz and frequency ratio f2/f1 was (a) 1.1, (b) 1.2 and (c) 1.3. 
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(a) (b) 
  
 
Fig. 5.1.20 Distribution of POHC on the BM. Frequency f2 was 2 kHz.  
Frequency ratio f2/f1 was (a) 1.1 and (b) 1.3. The vertical lines represent the CF locations of each 
component on the BM. 
 
 
  
 
Fig. 5.1.21 Effect of varying f2/f1 on relationship between level of POHC and maximum 
amplitude on the BM of each DPOAE component.  
(a) 2f2-f1 component and (b) 2f1-f2 component when f2 was 2 kHz. ●, level of POHC of each 
component at its CF location. The horizontal axis for POHC represents the CF location. 〇, 
maximum amplitude of each component. The horizontal axis for the amplitudes represents the 
location where each DPOAE had maximum amplitude. The approximate peak of 2f1-f2 when f2/f1 
was 1.3 is the average value of the two peaks. 
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(c)  
 
 
 
Fig. 5.1.22 I/O function obtained from the model.  
I/O function of displacement at (a) the stapes-footplate and (b) CF location of f2 on the BM. (c) 
I/O function of POHC. 
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5.2 Activity of the inner hair cells 
The inner hair cells (IHCs) transduce mechanical vibration of the basilar membrane (BM) in the 
cochlea, caused by sound pressure, to electrical signals that are transported along the acoustic nerve 
to the brain. The mechanism of mechano-electrical transduction (MET) in the human active cochlea 
has not been clarified yet, because the cochlea is difficult to non-invasively observe in-vivo. 
Therefore, numerical analysis is considered to be effective to clarify the mechanism and some 
numerical analysis has been tried to clarify the mechanisms of MET [22] [24]. However, these 
models only represented the partial process of MET. In this study, the MET in the cochlea was 
investigated by combining an ionic current model of the IHC and a finite-element model of the 
human cochlea which includes the non-linear activities of the outer hair cells (OHCs). Not only the 
changes in the membrane potential but also Ca2+ concentration in the IHCs were considered, because 
the neurotransmitters were released by increase of the Ca2+ concentration and the cochlear output 
can be estimated based on the changes in the Ca2+ concentration. 
5.2.1 Ionic current model of hair cells 
The membrane potential of the IHC, 𝑉m,IHC, was modeled based on the Hodgkin-Huxley equation 
[90] as follows:  
 𝑑𝑉m,IHC
𝑑𝑡
=
−𝐼ha,IHC − 𝐼kf − 𝐼ks
Cm,IHC
 (5.7) 
where, 𝐼kf , 𝐼ks respectively represent the current of voltage-gated Ca
2+ channels, which have 
different responsive characteristics, and Cm,IHC, which represent the membrane capacity of the IHC. 
The displacement-sensitive K+ channels are located on the top of the IHCs and are activated by 
displacement of the stereocilia of the IHCs. The equation used to describe the current of the 
displacement-sensitive K+ channels, 𝐼ha,IHC is:  
 𝐼ha,IHC = 𝑔IHC(𝑉m,IHC − 𝐸𝑃) (5.8) 
where, 𝐸𝑃  represents the endolymphatic potential and the conductance of the displacement-
sensitive K+ channels, 𝑔IHC is: 
 𝑔IHC = 𝐺IHC,max ∙ 𝑂IHC∞(𝑢), (5.9) 
and 𝐺IHC,max  is the maximum conductance of the displacement-sensitive K
+ channels. The 
proportion of the activated displacement-sensitive K+ channels, 𝑂IHC∞(𝑢)  is changed by the 
amount of displacement of the stereocilia, 𝑢  (Eq. 5.10). Each parameter ( 𝑢0, 𝑢1, 𝑠0, 𝑠1 ) is 
determined based on the values obtained from the experiments by Kros et al. [91]. 
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 𝑂IHC∞(𝑢) =
1
1+exp(
𝑢0−𝑢
𝑠0
)[1+exp (
𝑢1−𝑢
𝑠1
)]
. (5.10) 
The voltage-gated Ca2+ channel is switched by depolarization. The Hodgkin-Huxley 
equation [90] used to describe the ionic current carried by Ca2+, 𝐼ca is:  
 𝐼ca = 𝐺ca,max ∙ 𝑚
3(𝑉m,IHC − 𝐸ca) (5.11) 
where, 𝐺ca,max represents the maximum conductance of the voltage-gated Ca
2+ channel, 𝐸ca 
represents the proportion of activating molecules on the voltage-gated Ca2+ channel, and 𝐸ca is the 
equilibrium potential of Ca2+. The concentration of Ca2+ inside of the IHC, [Ca2+] is modeled based 
on the equation of Hudspeth and Lewis [92] (Eq. 5.12). F is the Faraday constant and zca is the 
valence of Ca2+. Each parameter (U, Cvol, ε, Ks) of the displacement-sensitive K
+ channel model is 
determined based on the values obtained from the experiments by Hudspeth and Lewis [92]. 
 
𝑑[Ca2+]
𝑑𝑡
=
−U ∙ 𝐼ca
zca ∙ F ∙ Cvol ∙ ε
− Ks[Ca
2+]. (5.12) 
5.2.2 Mechano-electrical transduction of the inner ear 
5.2.2.1 Methods 
The finite-element model of the BM, which includes the non-linear activities of the OHCs, and the 
ionic current model of the IHC built in 5.2.1 were combined. The amplitude and phase of vibration 
of the BM were obtained from the finite-element model of the cochlea, and these values were fed 
into the ionic model of IHC. Next, changes in membrane potential and Ca2+ concentration in the 
IHCs were calculated.  
(1) Mechanical Vibration of the Basilar Membrane 
The mechanical vibration of the BM of the active cochlear model was calculated by applying a sound 
pressure load to the head of the stapes of the model. The sound pressure which assumed 0 dB to 120 
dB SPL at the external ear canal was applied respectively. A pure-tone frequency of 0.5 kHz or 2 
kHz was applied. One cycle of the stimulus was divided into 20 timesteps, and the model was 
continuously calculated until the BM vibration became a steady state because the first unstable 
transient responses were caused by the input sound. In addition, a passive model, in which the 
amplification mechanism was not concerned, was also calculated in the same way for comparison. 
Time domain analyses were performed using CFD-ACE+ (ESI Group). 
(2) Mechano-Electrical Transduction in the Cochlea 
The amount of displacement of the stereocilia, u, was estimated from displacement at each point of 
the BM model. The vibration of the stereocilia of the IHCs are generated by the vibration of the 
endolymph synchronized with the vibration of the BM. Thus, the vibration of the stereocilia of the 
IHCs, k(y) , was assumed to be expressed by a function of the vibration of the BM (Eq. 5.12). 
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 u = k(y) ∙ 𝑧steady ∙ sin(2𝜋𝑓t − 𝜑). (5.12) 
 k(y) = 2474.6z + 0.8. (5.13) 
Here, 𝑧steady represents the amplitude of the vibration in the steady state, 𝑓 represents the 
frequency of the vibration, and 𝜑 represents the phase difference of the vibration. k(y) represents 
the conversion efficiency of the vibration of the BM to the stereocilia. The stereocilia of the IHCs at 
the basal side of the BM are shorter than that at the apical side [39]. Thus, the effect of external force 
by vibration to the stereocilia of the IHCs at the apical side of the BM was assumed to be bigger 
than that at the basal side of the BM. Therefore, the conversion efficiency was assumed to linearly 
increase from the base of the BM to the apex in this study. The initial value of 𝑉m,IHC and [Ca
2+] 
was set to -67 mV and 0 µm, respectively. The analyses were performed using Octave (GNU). 
5.2.2.2 Results 
(1) Vibration of the Basilar Membrane by Applying Sound Pressure 
Mechanical vibration of the BM is shown in Fig. 5.2.1. The envelopes of the BM, which were 
normalized by the maximum displacement are shown in Fig. 5.2.1 (a). The CF point was gradually 
moved to the basal side of the BM with the increase of sound pressure. The width of the spindle 
shape was gradually widened with the increase of sound pressure. The envelope of the active model 
at sound pressure 120 dB was similar to that of the passive model. Figure 5.2.1 (b) shows the I/O 
function at the CF point. Here, the CF point was obtained from the active model when a pure tone 
of 2 kHz at 40 dB was applied. The maximum displacement of the active model moves closer to that 
of the passive model with the increase of the sound pressure level.  
(2) Ionic Current of the Inner Hair Cells 
Figure 5.2.2 shows the I/O function of the change in the membrane potential at the CF point of 1 
kHz and 2 kHz obtained from the active model, respectively. For the CF point of 2 kHz (Fig. 5.2.2 
(a)), the membrane potential when the input frequency was the CF was not only higher but also 
easier to saturate than when the input frequency was non-CF. However, the saturated potential when 
the input frequency was lower than the CF has a larger value than the saturated potential at the CF. 
These results showed the same experimental tendency [93]. 
Figure 5.2.3 shows electrical changes in the IHC of the active model and the passive model. 
Figure 5.2.3 (a) shows the change in the membrane potential of the active model and the passive 
model, which were calculated at several points on the BM. Figure 5.2.3 (b) shows the change in Ca2+ 
concentration of the active model and the passive model. Both of the changes in the membrane 
potential and Ca2+ concentration have the maximum value at each CF point of each model. The 
maximum values of the active model are larger than those of the passive model. The change in Ca2+ 
in the concentration has a sharper peak than that of the membrane potential. 
Figure 5.2.4 shows the electrical changes in the IHCs at each point of the BM of the active 
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model when each sound pressure was applied. Both of the changes in the membrane potential and 
the Ca2+ concentration have the maximum values at each CF point when 40 dB or 80 dB of sound 
pressure was respectively applied, and each peak value became sharper with the decrease of sound 
pressure. The change in Ca2+ in the concentration has a sharper peak than that of the membrane 
potential. By contrast, when 120 dB of sound pressure was applied, the results showed a tendency 
to saturation. 
5.2.2.3 Discussion 
The change in the membrane potential of the IHCs at the CF point was higher than those at the non-
CF points. This result suggests that the IHCs at the CF point can easily cause depolarization as 
compared to those at the non-CF points. Also, the change in Ca2+ concentration at the CF point was 
higher than that at the non-CF points. The change in Ca2+ in the concentration has a sharper peak 
than that of the membrane potential. These results suggest that the cochlea achieves a better 
frequency discrimination ability by triggering the neurotransmitter release due to the change in Ca2+ 
concentration. The electrical changes in the IHCs had a sharper peak at low sound pressure and were 
saturated at a sound pressure over 120 dB. These results suggest that the cochlea achieves its good 
frequency discrimination ability by mechano-electrical transduction when low sound pressure is 
applied. 
The electrical changes in the IHCs have a non-linear behavior depending on the 
displacement of the stereocilia. However, the displacement of the stereocilia is associated with the 
displacement of the BM by the conversion efficiency, k(y) , which was appropriately determined 
in this study. Furthermore, the membrane potential model of the IHC in this study has the same 
parameters (e.g., membrane capacity of the IHC) regardless of its location on the BM. Therefore, 
the conversion efficiency as well as each parameter of the model might need readjustment regarding 
the experimental value of the stereocilia. These results suggest that IHCs at the CF point are easy to 
depolarize as compared with those at the non-CF point, and the cochlea achieves its good frequency 
discrimination ability by mechano-electrical transduction when low sound pressure was applied.  
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(a) (b) 
 
 
 
Fig. 5.2.1 Mechanical vibration of the BM.  
(a) Normalized displacement of the BM by maximum displacement. (b) Maximum displacement 
of the BM at the CF point of the active model. 
 
 
(a) (b) 
  
 
Fig. 5.2.2 Change in membrane potential of each input frequency at the CF point of (a) 2 kHz, 
40 dB (active model) and (b) 1 kHz, 40 dB (active model). 
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(a) (b) 
  
 
Fig. 5.2.3 Electrical changes in the IHC of the active model and the passive model. 
(a) Change in membrane potential. (b) Ca2+ concentration. 
 
 
(a) (b) 
  
 
Fig. 5.2.4 Electrical changes in IHC at each point of the BM of the active model by applying 
each sound pressure.  
(a) Change in membrane potential. (b) Ca2+ concentration. (40 dB : right axis, 80 dB and 120 
dB : left axis) 
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Chapter 6 
Simulation of dysfunction of the inner ear 
Chapter 6 includes the simulations of inner ear dysfunctions, i.e., endolymphatic hydrops 
and partial functional loss of the OHC. Changes in the vibration of the BM and the level of 
the DP component caused by each dysfunction are calculated. An effective diagnostic 
method for each disease is also investigated. 
 
6.1  Endolymphatic hydrops 
6.1.1 Endolymphatic hydrops (EH) 
Endolymphatic hydrops (EH), which is classified as one of the refractory inner ear diseases by the 
Japanese Ministry of Health, Labor and Welfare causes inner ear hearing loss. EH causes fluctuating 
hearing loss, i.e., frequently fluctuating hearing loss, especially at low frequencies. The bony 
labyrinth of the cochlea is divided into three compartments by the BM and the Reissner’s membrane 
(RM), i.e., the scala vestibuli (SV), the scala media (SM), and the scala tympani (ST) (Fig. 6.1.1 
(a)). The SV and the ST are filled with perilymph fluid and the SM is filled with endolymph fluid. 
EH is a disorder of the inner ear and is associated with the anomalous flow of the endolymph fluid. 
This anomalous flow causes an increase of pressure in the SM of the cochlea. Hallpike et al. 
proposed that EH is a pathogenesis of Meniere’s disease [94] based on autopsy cases in which there 
was a larger volume of endolymph than in the normal cochlea, and an abnormality of the RM was 
observed (Fig. 6.1.1 (b)). The initial symptoms of EH include fluctuating hearing loss especially at 
low frequencies, and balance problems. Pathogenesis of these symptoms have not yet been 
elucidated. There are two types of hypotheses on the pathogenesis of fluctuating hearing loss and 
vertigo caused by EH. Schuknecht suggested that RM rupture causes an increment in the 
concentration of K+ of the perilymph [95]. This irreversible damage causes such symptoms. On the 
other hand, Tonndorf suggested that EH causes an increase of pressure in the SM [96]. This increase 
of pressure causes poor blood circulation which then brings about the same symptoms. Many clinical 
reports suggest that an effective cure for Meniere’s disease is blood circulation promotion with a 
diuretic, which reduces the pressure in the SM. However, the mechanism of hearing loss at low 
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frequencies is still unclear.  
In this section, the pathology of EH was modeled with the human cochlear FE-model 
which includes activity of the OHC. EH was simulated by loading static pressure on the surface of 
the BM of the model. The vibration of the BM in the EH model was calculated, and the results were 
compared with those in the normal cochlear model, i.e., the intact model. The aim of this study is to 
clarify the mechanism of fluctuating hearing loss caused by an increase of pressure in the SM using 
the model. 
6.1.2 Methods 
6.1.2.1 Representation of endolymphatic hydrops 
The BM is vibrated by the pressure difference between the SV and the ST. However, static force is 
consistently applied on the BM with EH regardless of the pressure difference between the SV and 
the ST because the SM of the cochlea with EH have a larger pressure than that of the normal cochlea. 
Therefore, in this study, EH was represented by applying static pressure on the surface of the BM of 
the intact cochlear model. The mesh of the longitudinal direction of the BM was modified to 
represent the deformation of the BM under the pressure. The mesh of the current model used in the 
previous sections was equally divided into 100 cells; however, the size of the mesh of the EH model 
was gradually divided smaller, from the basal side of the BM to the apical side (Fig. 6.1.2 (a)). The 
total number of nodes were not changed. The Young’s modulus of the longitudinal direction of the 
BM, EY was determined as 1 MPa which shows a better agreement with the measurements at low 
frequencies.  
Generally, a thin plate is easy to bend by an outside force perpendicular to its surface. 
However, if a slight curvature is given to the same plate, the stiffness against the bending force 
would increase because of a geometric non-linearity. In this study, the cochlear model of EH (EH 
model) was calculated based on a geometric non-linearity by a deformation which occurred by 
loading static pressure to the BM. A stress/strain relationship was measured in the thin membrane of 
tissue, i.e., the tympanic membrane [97]. The strain of the BM caused by its deformation was 
included in the linear area of the stress/strain relationship measured in the tympanic membrane. Thus, 
the calculation of the EH model did not consider a non-linearity of the material properties.  
The EH model was calculated with static pressures to figure out the effect of the increase 
of pressure in the SM. These pressures were determined based on the experimental values [98] [99] 
of the endolymphatic-perilymphatic pressure gradient in guinea pig ears with EH. The guinea pig 
ears with EH were produced by surgical obliteration of the endolymph sac and the endolymph duct, 
and the created space was filled with bone wax. The experimental value of these ears of the 
endolymphatic-perilymphatic pressure gradient was approximately 10 Pa to 50 Pa. The static 
pressure of this study was determined as 10 Pa, 100 Pa, 500 Pa and 1 kPa. A static pressure was 
applied to the whole surface of the BM of the intact model. The static pressure was gradually 
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increased during 100 seconds (Fig. 6.1.2 (b)) because pressure in the SM gradually increased in the 
case of EH. This model was calculated using an auto-remeshing function by updating the shape of 
the BM which was deformed by the increase in the static pressure.  
6.1.2.2 Vibration of the BM  
The intact model and EH model which include activity of the OHC were calculated respectively by 
applying sound pressure loads to figure out the difference of the BM behavior caused by the 
pressure-increase in the SM between the models. The load of sound pressure of 105 dB SPL was 
applied to the head of the stapes of each model. The pure-tone frequencies of 125 Hz, 250 Hz, 500 
Hz, 1 kHz and 2 kHz were selected because these frequencies are widely used in hearing screening. 
The passive model, which does not include activity of the OHC, under the static pressure were 
calculated in same way. One cycle of the stimulus was divided into 20 timesteps. 
6.1.3 Results 
6.1.3.1 Deformation of the BM by applying static pressure to the BM 
Figure 6.1.2 (a) shows the deformation of the BM when the static pressure of 1 kPa was applied to 
the BM. The displacements are magnified 30 times. Deformation of the BM by each pressure is 
shown in Fig. 6.1.2 (b). The apical side of the BM was extremely deformed, and the basal side of 
the BM was also highly deformed with an increase of the magnitude of static pressure. For example, 
a magnitude of the deformation at the center of the BM when static pressure was 1 kPa was the same 
as with the maximum magnitude of the deformation of the BM when static pressure was 10 Pa. 
Figure 6.1.2 (c) is the graph of the change of the maximum displacement of the BM during applying 
the quasi-static pressure to the BM. The displacement was gradually increased with an increase of 
quasi- static pressure. The maximum displacement of the BM at the stable state was linearly 
increased according to the value of the static pressure.  
6.1.3.2 Vibration of the BM by applying sound pressure to the stapes 
The time courses of traveling waves generated on the BM of the EH models under the static pressure 
of 100 Pa, 500 Pa and 1 kPa are shown in Fig. 6.1.3. The envelope of the BM vibration in the intact 
model shows a spindle shape (Fig. 4.3.1). The spindle shape is also shown in the results obtained 
from the EH model under the static pressure of 10 Pa (the results are not posted) and is almost same 
as that of the intact model. The spindle shape becomes elongated at a low frequency, i.e., 250 Hz 
(Fig. 6.1.3 (a)~(c)). By contrast, when the static pressure is larger than 500 Pa, the spindle shape 
becomes elongated at a middle frequency, i.e., 1 kHz (Fig. 6.1.3 (d)~(f)).  
The distributions of CF obtained from the EH model and intact model are compared in Fig. 
6.1.4. Results of the intact model and EH model under 10 Pa or 100 Pa show the same tendency (the 
results are not plotted) of the approximated curve by Greenwood [7]. By contrast, the CF distribution 
of the EH models under 500 Pa or 1 kPa show a tendency in which the location of the CF 
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significantly deviates from the approximated curve especially at low frequencies (Fig. 6.1.4).  
The amplitude of the vibration caused by the sound stimulus of the EH model was smaller 
than that of the intact model at each frequency. The decrease in the amplitude between the intact 
model and EH models was remarkable at low frequencies under 500 Hz. Also, there were differences 
in amplitude between the EH models with different static pressures. The larger the static pressure 
applied to the BM, the smaller the amplitude of the vibration. The ratio (in dB) of the amplitude at 
the point where the BM shows maximum amplitude in the intact model to that at the same point in 
the EH model is shown in Fig. 6.1.5. The amplitude ratio of the EH model with the activity of OHC 
to the intact model, i.e., the active model is shown in Fig. 6.1.5 (a). The displacement of the BM of 
the EH model was smaller than that obtained from the intact model especially at low frequencies 
(Fig. 6.1.5 (a)). The amplitude ratio of the EH model without the activity to the intact model was 
also calculated because of the possibility of the extra decrement, which was caused by the decrement 
of activity of the OHC in the EH (Fig. 6.1.5 (b)). The decrement ratio was large at high frequencies 
(Fig. 6.1.5 (a)). 
6.1.4 Discussion 
The static pressure was applied on the surface of the BM to represent the condition of EH, i.e., 
increase-pressure in the SM. Even though the static pressure was applied to whole surface of the 
BM, the BM was highly deformed only at the apex area (Fig. 6.1.2 (a)). This result is consistent with 
a prediction based on the dimension of the BM (Table 6.1.1).  
The deflection at the apical side of the BM causes an increase in the structural stiffness of 
the BM and makes the BM difficult to vibrate. This deflection brings about abnormalities at the 
apical side of the BM such as a decrease of the maximum amplitude of vibration especially at low 
frequencies. The decrease of the amplitude of the vibration of the BM suggests that the cochlea of 
the EH might need louder sound pressure than the original sound pressure to recognize the sound 
pressure as the original loudness. This might cause an increase in the hearing threshold. This result 
therefore suggests a relationship between the deformation of apical side of the BM and hearing loss 
at low frequencies. 
Additionally, deviation of the location of the CF is shown as Fig. 6.1.4, and the CF 
distribution was different between the EH models which were calculated with different intensities 
of the static pressure to the BM. Bohmer reported that a more significant endolymphatic-
perilymphatic pressure gradient was found in many guinea pig ears after surgery with time and that 
the auditory thresholds also increased [98]. This result indicates that the degree of increase-pressure 
in the SM might be changed and could influence hearing ability. The change of CF distribution at 
low frequencies suggests that the frequency discrimination ability could become diminished. Some 
of the time courses in the EH model had a double-peak, e.g. Fig. 6.1.3 (a). The second peak at the 
apical side was considered a second CF location of stimulus frequency, which arose from the 
increase of stiffness at the apical side by static pressure. The second peak at the apical side might 
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additionally affect the frequency discrimination ability. Also, the vibration amplitude of the BM in 
the EH model decreases inversely with the degree of static pressure applied to the BM. These results 
suggest that the effect of the intensity of the static pressure to the BM might be related to fluctuating 
hearing loss at low frequencies.  
The levels of DP components were measured in Meniere’s disease patients [100]. The 
levels obtained from the affected ears were significantly reduced, on the other hand, those obtained 
from the unaffected ears were slightly reduced. The decrement ratio in Fig. 6.1.5 (b) was calculated 
in the passive model; however, the DP components were not detected in our passive model. Thus, 
decrement of activity of the OHC in the EH should be assumed by the measurements of pure-tone 
audiometry and DPOAEs with EH [101] for more precise evaluation of the decrement ratio. Several 
studies investigated the morphology changes in the animal EH model. The loss of the stereocilia of 
OHCs was observed especially at the basal side of the cochlea [102] [103]. The loss of the stereocilia 
of IHCs at the basal side was also reported [103]. These experimental results suggest that decrement 
of the excitation force of the OHCs and change of neurotransmitter release of the ionic model of the 
IHCs should be considered when representing the hearing loss by EH more precisely. 
These results suggest not only the relationship between deformation of the apical side of 
the BM by loading static pressure and hearing loss at low frequencies, but also the relationship of 
the change of pressure in the SM and fluctuating hearing loss at low frequencies. 
 
 
 
 
Fig. 6.1.1 Cross section of the cochlea (a) normal cochlea; (b) cochlea of EH. 
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(a)  
 
(b) (c) 
  
 
Fig. 6.1.2 Deformation of the BM caused by applying static pressure to the BM.  
(a) Distribution of the displacement of the BM under static pressure to the BM of 1 kPa. The 
displacement is magnified 30 times. (b) Deformation of the BM by each pressure. (c) 
Relationship between applied pressure and the displacement of the BM plotted in each timestep. 
The static pressure applied to the BM is increased up to 1 kPa.   
  
0 1
−50
−40
−30
−20
−10
0
d
is
p
la
ce
m
en
t 
o
f 
th
e 
B
M
 (
μ
m
)
500 Pa
1 kPa
10 Pa
100 Pa
proportional distance from the base
0 500 1000
–60
–50
–40
–30
–20
–10
0
static pressure (Pa)
d
is
p
la
c
em
en
t 
o
f 
th
e 
B
M
 (
μ
m
)
1 kPa
 
 
Chapter 6 
Endolymphatic hydrops 
95 
 
(a)    (d)  
 
 
  
 
(b)   (e)  
 
 
  
 
(c)   (f)  
 
 
  
 
 
Fig. 6.1.3 Time course of the vibration of the BM of the EH models under the static pressure 
of 100 Pa ((a), (d)), 500 Pa ((b), (e)) and 1 kPa ((c), (f)).  
Sound pressure of 250 Hz ((a)~(c)) or 1 kHz ((d)~(f)) was applied to the stapes-head.  
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Fig. 6.1.4 CF distribution obtained from the intact model and the EH model under the static 
pressure of 500 Pa and 1 kPa.  
The curved line in each figure shows the estimated distribution by Greenwood [7]. 
 
 
(a) (b) 
  
 
Fig. 6.1.5 Relationship between the frequency and the decrement of the displacement of BM.  
(a) The amplitude ratio of the EH model (active) to the intact model (active). (b) The amplitude 
ratio of the EH model (passive) to the intact model (active).   
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Table 6.1.1 Dimensions of the BM 
 
Length  32.1 mm 
Width Base 100 μm 
Apex 500 μm 
Thickness 
Base 30 μm 
Apex 10 μm 
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6.2 Dysfunction of the outer hair cells 
6.2.1 Partial functional loss of the OHCs 
Physical damage such as noise exposure, inflammation, circulatory disorder, aging, etc., cause 
damage to hair cells. The OHCs are especially easy to be physically damaged such as by aging [42] 
or by exposure to an explosion [43]. In clinical study, the damaged area of the OHCs on the BM has 
been considered to cause hearing loss at the frequencies corresponding to the CFs at the damaged 
area. The relationship between cellular damage in the cochlea and the hearing level has been 
investigated. However, the hearing level was difficult to associate with specific cellular damage 
because of the limits of the measurement tools [104].  
DPOAEs are acoustic phenomena which are generated by activity of the OHCs. The most 
prominent DP component, among the generated distortion components in the human, is the 2f1-f2 
component. Many clinical results showed that a DP-gram of 2f1-f2 shows a similar tendency to an 
audiogram of pure tone f2, and the DP components are generally considered to correlate with hearing 
level of the f2 [105] [106]. DP components are generally difficult to obtain at low frequencies and 
easy to obtain at mid-high frequencies. High frequency hearing loss is divided into noise-induced 
hearing loss, which is caused by an exposure of noise during a long period, and senile hearing loss, 
which caused by loss of the OHCs with aging. Therefore, DPOAEs are usually used as objective 
hearing screening and considered useful for the screening of high frequency hearing loss as an 
evaluation of the function of the OHCs.  
In this study, the relationship was investigated by simulating audiometry (pure tone and 
DPOAEs) using the finite-element model of the human cochlea. Three types of the cochlear models, 
i.e., a passive model, an active model, and a model in which the activity of the OHCs is partially 
restricted were built to clarify the relationship between hearing level and the non-active area on the 
BM. 
6.2.2 Methods 
6.2.2.1 Representation of partial functional loss of the OHCs 
The BM of the model has an “active part” where the activities of the OHCs are introduced and a 
“passive part” where the activities are not introduced. A model in which the whole of the BM 
belongs to the active part is defined as an active model. The morphology changes in the animal 
model caused by exposure to blast were reported by Kim et al. [43]. The loss of the stereocilia of 
OHCs was observed at specific area of the cochlea. Thus, a partially passive model has both two 
parts and was divided into the two parts at a division point. The division point (an imaginary 
boundary line shown in Fig. 6.2.1) was defined based on the CF point when 105 dB SPL pure tone 
of a specific frequency (fh) was applied to the stapes-head of the active model. The active and passive 
areas on the BM are separated by the imaginary boundary line. Figure 6.2.1 (a) shows the model, 
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i.e., the h-HL model, which represent hearing loss at high frequency over the boundary frequency, 
fh. Figure 6.2.1 (b) shows the low-tone sensorineural hearing loss model, i.e., the l-HL model, and 
Fig. 6.2.1 (c) shows partial-tone sensorineural hearing loss model, i.e., the p-HL model. The 
boundary frequency varied from 1 kHz to 7 kHz. The Young’s modulus of the longitudinal direction 
of the BM, EY was determined as 1 MPa. 
6.2.2.2 Simulation of audiometry (pure tone and DPOAEs) 
A complex tone or a pure tone was applied to the stapes-head of each h-HL model respectively. A 
complex tone consisting of two components with frequencies f1 and f2 (f2/f1=1.2) was applied, and 
DP components generated on the BM and at the stapes footplate were calculated. The frequency of 
f2 was set to 2 kHz. The sound pressure levels of f1 and f2 were 105 dB SPL and 95 dB SPL at the 
stapes-head respectively. These values correspond to approximately 60 dB SPL and 50 dB SPL at 
the ear canal when middle-ear pressure gain is assumed to be 45 dB. A pure tone of 105 dB SPL was 
applied and the frequencies of the pure tone were set to 500 Hz, 1 kHz, 2 kHz and 4 kHz. The 
relationship between hearing level and the non-active area on the BM was evaluated on the change 
of the amplitude of the vibration of the BM. 
6.2.3 Results 
6.2.3.1 DP Components in the cochlear model 
The f1, f2, and DP components (2f1-f2) of the vibration of the BM were calculated at each point on 
the BM and plotted in Fig. 6.2.2. The DP component was observed in a broad area on the BM of the 
active model (Fig. 6.2.2 (a)). The portion where the DP component reaches the maximum was 
located at the more apical side on the BM compared with the CF location of 2f1-f2 (Fig. 6.2.2 (a)). 
The components of f1, f2, and DP at each point of the BM in the h-HL model (fh=2 kHz) are shown 
in Fig. 6.2.2 (b). The DP component was reduced over the entire BM. The frequency components at 
each point of the BM in the l-HL model (fh= fDP= 1.3 kHz) are shown in Fig. 6.2.3 (a). The DP 
component was observed in the broad area on the BM and was similar to that in the active model 
(Fig. 6.2.2 (a)). The frequency component distributions in the p-HL model, which have a localized 
passive area at the basal side of the CF location of the input frequency f2 are shown in Fig. 6.2.3 (b). 
The frequency component distributions in the p-HL model, which have a localized passive area at 
the apical side of the CF location of the input frequency fDP are shown in Fig. 6.2.3 (c). The DP 
component was decreased when a localized passive area was at the basal side of the CF location of 
f2. On the other hand, the DP component was observed and was similar to that in the active model 
when a localized passive area was at the apical side of the CF location of fDP. 
The amplitudes of the 2f1-f2 components of POHC and the amplitudes of the 2f1-f2 
components along the BM are shown in Fig. 6.2.4. Each color of the line shows the result obtained 
from the h-HL model of each fh. The 2f1-f2 components of POHC have a maximum amplitude around 
the CF location of DP (2f1-f2); however, the distribution of the POHC became broader with a decrease 
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in fh (Fig. 6.2.4 (a)). The amplitudes of the 2f1-f2 components along the BM also decreased with a 
decrease in the POHC (Fig. 6.2.4 (b)). 
The DP component was also observed in the vibration of the stapes of the active model; 
however, the DP component was lost in the passive model (Fig. 6.2.5 (a)). The levels of the DP 
components at the stapes were decreased by extending the passive part to the basal area (Fig. 6.2.5 
(b)). Figure 6.2.5 (a) shows the relationship between the level of the DP components at the stapes 
and the non-active area. The vertical axis shows the variation of the ratio of the DP level to that in 
the active model, and the horizontal axis shows the boundary frequency fh. The filled dots mean that 
the DP level exceeds the noise floor by 5 dB, where the noise floor is defined as a mean value of 
each two components adjacent to the DP component. The open dots mean that the calculated DP 
level is not reliable. The relationship between boundary frequency fh and the decrement of stimulus 
frequencies and the DP component at the BM were plotted in same way (Fig. 6.2.6 (b)). The gray 
area in Fig. 6.2.6 (b) shows the amplitude below the decrement in the passive model, and the yellow 
area shows the area where the amplitude of the DP component was reduced remarkably. The levels 
of the DP components at the stapes and the BM decreased by extending the passive part to the apical 
area. The distortion components at the stapes and the BM disappeared when the fh was the same as 
the stimulus frequency f2 (Fig. 6.2.6 (b)). The decrement of the distortion component was bigger 
than that of f2 component (Fig. 6.2.6 (b)). 
6.2.3.2 Vibration of the BM by pure tone 
The envelope of the BM vibration was different between the active model (Fig. 4.3.1) and the 
partially passive model (Fig. 6.2.7). The points of the maximum amplitudes located on the BM were 
changed and the maximum amplitudes decreased by extension of the passive part to the basal area 
(Fig. 6.2.7). The CF distribution obtained from partially passive models when fh was 2 kHz is shown 
in Fig. 6.2.8 (a). The CF location of the higher frequency of the fh shift to the basal part. The 
decrements of the displacement of BM are shown in Fig. 6.2.8 (b). Although fh (= 4 kHz) was higher 
than input frequency (= 2 kHz), the amplitude of the BM decreased.  
6.2.4 Discussion 
In the active model, the DP component was mainly generated at around the CF locations of stimulus 
frequencies and the DP, but was also generated at a wide region of the basal side (Fig. 6.2.2 (a)). 
This result suggests that the OHCs at the basal side actively vibrate and contribute to generate 
traveling waves on the BM. When the boundary frequency fh approached the CF location of f2 from 
the basal side, the DP components on the BM and at the stapes remarkably decreased (Fig. 6.2.6 (b)). 
By contrast, when the boundary frequency fh approached the CF location of f2, the distributions of 
the f1, f2, and the DP components on the BM in the l-HL models were similar to those in the active 
model. The amplitudes of the DP component on the BM in the p-HL models which had the localized 
passive part at basal side of the CF location of f2 decreased. On the other hand, the amplitudes of DP 
component on the BM in the p-HL models which had the localized passive part at apical side of the 
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CF location of f2 showed a similar level in the active model. These results show that the activity of 
the OHCs at the more basal part from the CF location of f2 plays a critical role in generating DPOAEs. 
By contrast, the activity at the more apical part seldom contributes to generation of DPOAEs. 
Changes of the CF distribution and the envelope of the BM vibration caused by the partial 
loss of the active part might influence word recognition scores. Figure 6.2.8 shows the relationship 
between the boundary frequency fh and the decrement of the level of DP components at the stapes 
and the amplitude of the BM. These components decreased when the division point positioned the 
CF point at 4 kHz although the CF point of the input frequency (2 kHz) was located in the active 
part. These results suggest that the hearing level of a specific frequency is influenced by the OHCs, 
which were located not only at the CF point, but also at the specific higher-frequency area. 
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(a) 
 
(b) 
 
(c) 
 
 
Fig. 6.2.1 Partially passive cochlear models. (a) High-tone sensorineural hearing loss (h-HL) 
model. (b) Low-tone sensorineural hearing loss (l-HL) model. (c) Partial sensorineural 
hearing loss (p-HL) model..  
In these examples (a) and (b), the boundary line between the active area and passive area exists 
at the CF location of 2 kHz. The green area represents the active area and the red area represents 
the passive area.  
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(a) 
 
(b) 
 
 
Fig. 6.2.2 Frequency components generated at each point of the BM of the active model and h-
HL model. 
The horizontal axis shows the normalized position of the BM from base to apex. Crossbars at the 
bottom represent the active area (green) and the passive area (red), respectively. The arrows show 
the CF positions of f1, f2, and fDP (= 2f1- f2) when f2 = 2 kHz. Dotted lines show the noise floor of 
each component. The noise floor was calculated by averaging the levels of adjacent frequency 
bins, i.e., plus/minus f2/6, of each component. 
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(a) 
 
 
(b) 
 
 
(c) 
 
Fig. 6.2.3 Frequency components generated at each point of the BM of each partial passive 
model. (a) l-HL model, (b) and (c) p-HL model.  
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(a) 
 
(b) 
 
 
Fig. 6.2.4 Amplitude of (a) DP (2f1-f2) components of POHC and (b) DP components along the 
BM. 
Each color of the line shows the result obtained from the h-HL model of each fh. 
  
0 0.5 1
10
–6
10
–5
10
–4
10
–3
10
–2
10
–1
normalized distance of the BMD
P
 c
o
m
p
o
n
en
t 
o
f 
th
e 
v
ib
ra
ti
o
n
 o
f 
B
M
 [
n
m
]
 
 
Dysfunction of the outer hair cells 
Chapter 6 
106 
(a) (b) 
  
Fig. 6.2.5 Freqeuncy spectra of vibration at the stapes footplate. 
Applied freqeuncy of f2 was 2 kHz. 
 
(a) (b) 
  
 
Fig. 6.2.6 Relationship between boundary frequency fh and the amplitude of (a) DP component 
at the stapes footplate and (b) f1, f2 and DP components at the BM. 
The opened plots represent that the level of the DP component was no more than 5 dB larger than 
the noise floor.   
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(a) (b) 
  
 
Fig. 6.2.7 Time courses of the BM of partially passive models when fh was (a) 4 kHz and (b) 2 
kHz.  
 
(a) (b) 
  
 
Fig. 6.2.8 Change of the mechanical vibration of the BM in partially passive model when fh 
was 4 kHz or 2 kHz. 
(a) CF distribution when fh was 2 kHz (◇). The curved line shows the estimated distribution by 
Greenwood [5]. (b) The decrements of the displacement of BM. 
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Fig. 6.2.9 Relationship between the boundary frequency fh and the decrement of the level of 
DP components at the stapes and the amplitude of the BM. 
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Chapter 7 
Conclusion 
 
In this study, the human auditory periphery under physiological conditions was modeled by 
considering one of the physiological conditions, i.e., the amplification mechanism of the OHCs in 
the active cochlea. The hearing mechanism from the mechanical vibration to the release of 
neurotransmitters was analyzable using the model. Common dysfunctions of the middle ear and the 
inner ear were also modeled and clarification of the pathogenic mechanisms as well as the proposal 
of a new effective diagnosis method was investigated.  
The mechanically vibrating parts of the auditory periphery, i.e., the middle ear and the 
cochlea, were modeled by the finite element method. The ossicular chain of the FE-model of the 
human middle ear was simply constructed with a few ligaments which were selected in a number of 
ligaments to represent good transmission function of the human middle ear. The FE-model of the 
human cochlea includes the non-linear activities of the OHCs and the activities are formulated based 
on the measurements of otoacoustic emissions (OAEs). The non-linear activity of the OHCs under 
physiological conditions can be measured non-invasively in-vivo by OAEs, which are considered 
as acoustical phenomena only produced under physiological conditions. A measurement system of 
OAEs optimized for comparison with the results obtained from the simulation was developed. Ionic 
current models of the hair cells were combined with the cochlear model to represent the mechano-
electrical transduction in the cochlea. The validity of the motion of the models was evaluated by 
comparing measurements which investigated the characteristic features of the human auditory 
periphery. The conditions of certain ear diseases were represented by modifying the models and the 
pathogenic mechanisms of each disease were investigated by numerical analysis using the modified 
models. 
 
7.1  Summary of present work 
The hearing mechanism, i.e., (1) frequency discrimination ability and (2) the generation mechanism 
of the DPOAEs were investigated using models considering the activity of the cochlea as follows: 
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Conclusion 
Summary of present work 
 
(1) Ionic current models of the hair cells were combined with the cochlear model to investigate 
mechano-electrical transduction. As a result, the IHCs at the CF point are easy to depolarize as 
compared with those at the non-CF point, and the cochlea achieves its good frequency 
discrimination ability by mechano-electrical transduction especially when a low sound pressure 
was applied.  
 
(2) The mechanism of DPOAEs, i.e., one of the unclarified hearing mechanisms, was investigated 
using a model which has non-active portions of the BM. The contributing area where the OHCs 
exert enough excitation force to generate each sideband of DPOAE was investigated by 
changing the non-active portion. When the non-active area included the basal side of the CF 
location of the stimulus frequency, the DP components on the BM and at the stapes decreased 
remarkably in partially passive models. These results show that the activity of the OHCs at the 
more basal part of the CF location of the stimulus frequency has a critical role in generating 
DPOAEs. The contributing area was also investigated by clarification of the relationship 
between the optimum f2/f1 and each DPOAE. The reason for the variation of optimum f2/f1 for 
each DPOAE is because both the width of the contribution area and the CF location of each 
DPOAE were changed depending on the f2/f1. The change of the stimulus frequency also effected 
the contribution area and the CF location of each DPOAE. The difference between locations of 
peaks of lower sideband DPOAEs and upper sideband DPOAEs suggests that each sideband has 
a different area of the BM where OHCs generate each sideband of DPOAE. These results 
suggest that a contributing area exists between the CF location of each DPOAE and that of the 
stimuli frequency.  
 
 
The dysfunctions of (1) middle ear and (2) inner ear were simulated and the pathogenic 
mechanism and effective diagnosis were investigated as follows: 
 
(1) The degree of the ossicular fixations was quantitatively evaluated by the fixation-induced 
change in the ossicular velocities and the compliance of ossicles. A diagnostic procedure to 
detect the anterior malleal ligament (AML) fixation in combined fixation cases, which is 
generally considered difficult to detect, was proposed. 
The change of the ossicular velocities caused by deformation of the tympanic membrane 
after myringoplasty were also quantitatively evaluated.  
 
(2) Dysfunction of the inner ear caused by an increase of the endolymphatic pressure, which is one 
of the pathogenesis of symptoms of the endolymph hydrops (EH), was calculated. The vibration 
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of the BM in the cochlea under static pressure was estimated and compared with that in the 
normal cochlea. When static pressure was loaded to the BM, the CF distribution was changed 
and the vibration amplitude of the BM at low frequencies decreased. The hearing level of low 
frequencies obtained from simulation was also changed according to the degree of increase of 
static pressure on the BM. Changes in the CF distribution and the envelope of the BM vibration 
caused by the partial loss of the active part might influence word recognition scores. These 
changes are reasons for fluctuating hearing loss at low frequencies associated with a change in 
the endolymphatic pressure.  
The relationship between high frequency hearing loss and partial functional loss of the 
OHCs was investigated using the h-HL models which have non-active portions of the BM. The 
levels of the DP components and f1, f2 components on the BM were decreased when activity of 
the OHC in the area from the CF location of some higher frequency than input frequency to the 
base was excluded. The CF distribution and the envelope of the vibration of the BM in the h-
HL model were changed when pure tone was applied. These results caused by the non-active 
portions might influence word recognition scores. These components were decreased when the 
boundary frequency was 4 kHz, although the CF point of input frequency (2 kHz) was located 
in the active part. These results suggest that the hearing level of specific frequencies is 
influenced by the OHCs, which are located not only on the CF point, but also in the specific 
higher-frequency area.  
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7.2 Future work 
Future work entails a rigorous formulation of non-linear activity of the OHCs by comparing the I/O 
function of each DP component between the measurement and numerical analysis. For that, the FE-
model of middle ear will be modified to represent the middle ear function at the conversation 
frequency area by considering the cochlear impedance at middle frequencies. Next, precise 
anterograde and retrograde pressure gains of the middle ear will be calculated by the modified model. 
The generation mechanism of DPOAEs will be investigated more precisely by investigating the 
phase of the traveling wave and considering the optimal condition of stimulus for each DP 
component. The application of DPOAEs for diagnosis of ear diseases will be also investigated by 
comparing the damaged area of the OHCs and the contribution area of generating each DP 
component which can be estimated by numerical analysis. The FE-models and the ionic current 
model will be unified to represent the feedback mechanism of mechano-electrical transduction 
precisely. Additional simulations of ear diseases using the modified model is also future work, e.g., 
changes in neurotransmitter release induced by changes of ion flow in the EH model, or changes in 
the generation of each DP component in the EH model. 
In this study, changes of hearing level induced by dysfunctions of the middle ear were 
estimated by changes of ossicular displacement and mobility obtained from the FE-model. Changes 
of the hearing level induced by dysfunctions of the inner ear were also estimated by changes of the 
displacement amplitude of the BM, the CF distribution, and the level of generated DP component. 
A database composed of the numerical analysis results of each disease, i.e., the changes induced by 
each pathology, could be established. A database of the numerical analysis results could be 
associated with clinical findings such as an increase in the threshold level by audiometry and the 
degree of recovery of hearing after surgery. In the future, the database based on this study can be 
applied to a diagnosis/treatment support system and contribute to the field of otology.  
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